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Fire is a destructive force in Hong Kong countryside and it destroys a 
tremendous amount of vegetation every year. Although hill fire increases the 
availability of plant nutrients through the formation of ash overlying soil and 
mineralization of organic matter, it also causes losses of nutrients through 
volatilization and erosion. To understand fire's influence on local soils, previous 
studies has been undertaken to investigate the impact of fire on soil. However, the 
properties of ash and the separate effect of heat and ash on soil properties were not 
addressed in these local studies. The study is therefore designed to simulate the effect 
of heating on the vegetation and soil of a frequently burnt area in Hong Kong. 
Vegetation and soils collected from Grassy Hill were subject to heating at 200°, 300°, 
400°, 500° and 600。C，each for 1, 5 and 15 minutes in the laboratory. The objectives 
of study are fourfold: (1) to examine the properties of ash after heating the vegetation 
at different temperatures; (2) to differentiate the effects of heat and ash on the 
properties of soil; (3) to examine the mineralization of N and P in heated soils that 
have been incubated at 28°C under field capacity moisture condition; and (4) to 
investigate the leaching of mineral N (NH4-N and NO3-N) from ash-covered soil in 
PVC columns. 
i 
Ash production and properties varied greatly with heating. Ash pH increased with 
heating intensities and duration and ranged from 5.0 (200。C 1 minute) to 9.5 (600°C 
for 15 minutes). The contents of organic carbon, TKN and TP decreased with heating. 
Heating mineralized N, P and the cations in vegetation. Mineral N in ash rose at 200° 
and 300。C but declined thereafter. In contrast, mineral P decreased at 200。and 300°C 
but increased at higher temperatures. The contents of available K, Na, Ca and Mg 
decreased with heating from 200° to 600°C. 
Heating at varied intensities and durations altered soil properties. Soil pH 
decreased with heating at 200° and 300°C but increased at higher temperatures. 
Heating reduced organic carbon, TKN and exchangeable cations, but elevated mineral 
N and P in soil, especially at 300° and 400°C. Total phosphorus in soil was unaltered 
by heating. The vegetation-covered soil contained significantly more organic matter, 
total phosphorus, mineral N and P, and exchangeable cations than the bare soil after 
heating. Thus, ash had enriched the soil with most of the nutrients except TKN. 
N and P mineralization were detected in the incubated soils. A bimodal pattern of 
N mineralization was found, with peaks in the 1st week and the 7th to 9th week of 
incubation. N mineralization was stimulated by heating at 200° and 400°C, but 
suppressed at 600°C so that N immobilization was detected from the 1st to week of 
incubation. P immobilization was active from the onset of incubation but appeared 
less severe in soils heated at 200° and 400°C than at 600°C. P mineralization occurred 
in the to week of incubation, which coincided with the second and lower peak 
of N mineralization. Surprisingly, ash had no positive effects on N and P 
mineralization. 
ii 
The movement of mineral N in ash-covered soils was examined by adding 
deionized water to simulate leaching by spring rainfall. NH4-N predominated over 
NO3-N in both the pore water and leachate. The amount of mineral N in soil pore 
water of the top 20 cm layer decreased, while that of 20-30 cm layer increased with 
water addition. Ash did not increase mineral N in the pore water. The leaching loss of 
N ranged from 9.71 kg ha'^  in the control soil to the maximum of 10.86 kg ha'^  in the 
ash-covered soil (400°C for 1 minute). In other words, up to 1.1 kg N ha] were 
leached directly from the ash and indirectly from ash-induced mineralization. 
From the results obtained in this study, several misconceptions about fire's effect 
in the local environment are clarified: For example, in contrast to most of other 
studies, it was found that low intensity heating (<300。C) increased soil acidity; second, 
cation mineralization tended to decrease with heating temperature and duration; third, 
ash addition to soil may have widened the C:N ratio, thus reduced N mineralization; 
fourth, leachate loss of N by spring rainfall was found to be substantial. Apart from 
the above misconception, the implication on nutrient budget of frequently burnt 


















了部份氮、磷、鉀、納、躬及鎂。有效氮在2 0 cr及3 0 0。C時含量達到最高， 














化增加；但當土壤在6 0 0°C加熱，土壤中的有效氮被固定，並只於第七個星 
期後出現了氮的轉化。另外，土壤中的有效磷多被固定。這種情況在加熱後的首 
星期最爲明顯，而七個星期以後，磷的轉化才較爲明顯。當加熱溫度爲2 0 0。 






土壤孔隙水的有效氮減少’但2 0 - 3 0 C m土壤孔隙水中的有效氮則增加。由 
於草灰中的氮的含量並不高，且大部份的氮都已通過淋融的過程而流失，所以在 
加有草灰的土壤中’並未發現土壤孔隙水的有效氮含量顯著增加。通過淋融過程 
而流失的有效氮，在無加入草灰的土壤中’平均爲9 • 7 4千克/公頃，而於力口 
有草灰的土壤中，則爲9 • 7 1 — 1 0 • 8 6千克/公頃。因此’在每公頃的土 
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Fire is an important ecological factor in Hong Kong and is also the most 
destructive force to the natural ecosystem. Every year, a tremendous amount of 
vegetation is killed or partially destroyed by hill fires, causing deterioration to natural 
beauty and increasing the possibility of soil erosion. Although hill fire has harmful 
effects on soil, it also increases the availability of plant nutrients through the formation 
of ash overlying soil and mineralization of organic matter (Singh et al 1991; Badia 
and Marti 2003). Studies have been carried out to understand fire's influence on local 
soils (e.g.Yau 1996; Marafa and Chau 1999a & b). However, the properties of ash and 
the separate effect of heat and ash on soil properties were not addressed in these local 
studies. These knowledge gaps, which are highly relevant to ecosystem restoration, are 
the themes of this research. 
Hong Kong lies at the southeastern end of the Pearl River Delta on the southern 
coast of China. It is subject to the influence of a subtropical monsoon climate, and is 
characterized by a well-marked alternation of cool-dry and hot-wet seasons. The mean 
air temperature is 23。C and the mean annual rainfall is 2,214 mm (Hong Kong 
Observatory 2002). Easterly winds predominate most of the year except during winter 
when northerly winds are dominant. With the given climatic characteristics, the 
climax vegetation of Hong Kong is thought to be semi-deciduous forest or monsoon 
forest (Thrower 1988). However, due to human impacts including fire and cutting, the 
vegetation in Hong Kong seldom develops to its climax, and is mainly arrested at the 
stage of grassland and scrubland (Thrower and Thrower 1986). 
1 
Indeed, fire is hazardous to Hong Kong's natural environment. It results not only 
in the unpleasant appearance of blackened land surface, are greater susceptibility to 
erosion but also leads to the loss of soil nutrients through volatilization (Sanchez and 
Lazzari 1999; Giardina et al 2000b). Smoke plumes from fire also contain vast 
amounts of atmospheric pollutants, inhibit visibility and cause environmental 
problems (Marafa 2002). Although flush of nutrients and increase of pH have been 
reported after fire (Stromgaard 1992; Lessa et al. 1996), these beneficial effects are 
generally temporary (Marafa 1997) and the mineralized nutrients formed during fire 
are easily lost in leaching. Ashes are removed by winds, representing a permanent loss 
of nutrients from the burnt site. 
Realizing the effect of hill fires on Hong Kong's countryside, different measures 
have been undertaken by the Agriculture, Fisheries and Conservation Department 
(AFCD) of the Hong Kong Special Administrative Region to prevent and control the 
spread of fire. These measures include the removal of undergrowth, the construction of 
firebreaks, the planting of fire-resistant species, increase in fire lookout posts and law 
enforcement, etc. Ten hill fire monitoring stations and a hill fire center were set up to 
monitor and record the occurrence of fire. Besides these fire preventive measures, 
restoration of fire-damaged areas is accorded top priority in AFCD's conservation 
programme. 
1.2 Background and ecological impact of hill fires in Hong Kong 
Despite the above fire preventive measures, over 300 outbreaks of fire can occur 
in a single fire season, covering more than 5% of the total land area of Hong Kong 
(Chau 1994; Marafa 2002). The number of hill fires in the past twenty years and the 
damage caused by them are summarized in Table 1.1. 
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Table 1.1 Number of hill fires and trees planted in Hong Kong, 1982-2002 
Fire season No. of fires Area affected No of trees No. of trees 
affected planted 
82/83 NA NA NA 250,000 
83/84 434 5,246 218,000 312,000 
84/85 208 914 77,000 232,000 
85/86 306 5,414 541,000 435,500 
86/87 281 1,303 80,000 545,000 
87/88 217 1,416 74,400 360,162 
88/89 234 2,037 97,400 303,008 
89/90 160 1,332 84,000 445,309 
90/91 184 2,244 89,400 348,910 
91/92 107 958 111,550 354,300 
92/93 221 2,709 193,439 320,200 
93/94 155 1,029 86,335 323,200 
94/95 96 383 41,840 317,600 
95/96 181 2,883 74,439 333,200 
96/97 89 956 46,370 344,900 
97/98 54 250 18,600 334,200 
98/99 180 1,575 92,100 553,500 
99/00 105 574 16,850 664,053 
00/01 58 164 7,655 643,044 
01/02 133 118 5,495 957,146 
T ^ 3,403 31,506 1,955,873 8,377,232 
NA: Not available 
Source: Agriculture, Fisheries and Conservation Department, 2003 
In Hong Kong, hill fires mainly originate from human activities (Chau 1994). 
Natural fires rarely occur due to the torrential rain and the low temperatures in the dry 
season (Chau 1994). Although the exact cause of individual fire is difficult to trace, the 
major causes include cigarette smoking, barbecue and cooking fires lit by picnickers, 
grave sweeping, rural dwellers' activities and arson. The fire season normally lasts 
from October to April although the majority of fires occur in the cool dry winter 
season. As recreational activities are the major causes, more hill fires are recorded 
during weekends and public holidays (Jim 1986). Peak times for hill fires, however, 
3 
\ 
are the Chung Yeung and Ching Ming festivals ^  The burning of joss sticks and incense 
paper at ancestral graves often light up the surrounding vegetation and result in fires. 
Although hill fire temperature in Hong Kong is uncertain, remnants of black ash 
and semi-combusted plant residues suggest the dominance of low intensity fires 
(Marafa & Chau 1999a). Since soil is a poor conductor of heat, a steep but transient 
i 
temperature gradient often occurs with depth (Giovannini et al. 1990). In a local I 
experimental fire study, Chau (1994) reports that the above ground mean maxima 
temperature exceeds 600°C but is less than 40°C at 3 cm below the soil surface for 
shrub and grass fires. In general, the more plant material combusted, the greater the 
rise in soil temperature (Pyne et al 1996). 
Over 3,000 incidents of hill fires have been recorded in Hong Kong's country 
parks in the past twenty years (AFCD 2004). Repeated fires hinder the development of 
grasslands into forest (Chau and Leverett 1994). After fire, grassland is the first 
community to establish itself on the degraded land. If fire is absent, herbs and shrubs 
will invade the grassland and scrubland develops. Finally, forest may invade if no fire 
takes place (Barnes et al 1998). However, the natural succession of an ecosystem 
would be disrupted if fire occurs repeatedly. When fire happens at short intervals of 
one to two years, the community would be dominated by grassland with isolated 
patches of shrubs (Hodgkiss et al 1981). As many countryside areas have been 
repeatedly ravaged by fire, the ecological succession there is arrested at the grassland 
stage. 
1.3 Conceptual framework of study 
‘Ching Ming and Chung Yeung are grave worshipping festivals in China. They fall in April and 
November respectively. November is the dry season in Hong Kong. The vegetation would become 
very dry and the mean relative humidity of that month is 69%. ‘ 
4 
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Fire affects nutrient cycling and nutrient budgets, vegetation growth and the 
environment. Due to the importance, vast number of studies has documented the 
impact of fire. Among the literature, a number of them were pertinent to forest fires 
(e.g. Sanchez et al. 1994; Krasnoshchekov 1995; Ballard 2000; Yang et al 2002), 
while relatively few studies focused on grassland and scrubland fires (Singh et al. 
1991; Hulbert 1998). These results may not be directly transferable to Hong Kong due 
to differences in the soil and climatic environments. 
In contrast to the extensive overseas literature documenting fire's effect on soil， 
only scant information can be found in local studies (Yau 1996; Marafa and Chau 1997; 
Marafa and Chau 1999a & b). These studies have provided information about the 
immediate effects of fire and the seasonal dynamics of nutrients after burning. All 
these studies adopted a retrospective approach to tackle the problem because 
experimental fires are banned in Hong Kong. They suffered from the lack of control 
sites and not knowing the temperature and duration of burning. Because of this, the 
researchers were not able to identify the specific effect of heating intensity on the soil 
and vegetation, not to mention the role of ash in the degraded ecosystem. This study is 
therefore prompted by the need to fill some of these knowledge gaps in fire ecology. 
The information gathered will be useful and relevant to management of our country 
parks. 
Although substantial amount of nutrients can be lost through volatilization 
during combustion, ash can compensate for part of these losses (Badia and Marti 2003). 
This study therefore begins with a comprehensive investigation on the properties of 
ash derived from the heating of grasses, which is the dominant type of vegetation in 
Hong Kong (Figure 1.1). The quantity and quality of ash depend on the type of 
5 
Simulation study on the effects of 
heat and ash on frequently burnt soil 
I I I 
Effect of heat on ash Effect of heat on soil Effect of heat on vegetation 
properties properties and soil as a whole 
(vegetation-covered soil) 
1 r 
1 r ，r 
N and P Leaching of mineral 
mineralization in N in ash-covered 
heated soil soil 
1 ‘ 1 ‘ ” 
Nutrient budget of Post-heating soil nutrient Restoration of 
fire-affected areas supplying capacity fire-affected areas 
Figure 1.1 Conceptual framework of the study 
vegetation and degree of combustion. Given that local grassland fires are of low 
intensity type (Chau 1994), what will be the recovery rate of ash in relation to heating 
temperature and duration? Different heating intensity is expected in the real 
environment, as the occurrence of fire is rather patchy and the local topography, fuel 
load and winds quite variable. Due to the low volatilization temperature of nitrogen 
and carbon, low concentrations of them are found in completely combusted ash 
(Kauffman et al 1994). When the burning temperature exceeds 800°C, over 50% of 
the nitrogen is lost from vegetation (Giardina et al 2000b), while a high proportion of 
the more resistant nutrients, such as Ca and P, remain in the ash (Sanchez et al 1994; 
Lessa et al 1996). While some of the local grasslands are almost burnt annually or 
once every two to three years, it is useful to understand how the vegetation reacts to 
burning with respect to ash recovery rate, nutrients lost in volatilization and amount of 
6 
nutrients returned to soil. Knowing the properties of ash that have been subject to 
different heating treatments will undoubtedly shed light on nutrient budget of a 
fire-disturbed ecosystem. 
After examining the properties of ash, the thesis proceeds to investigate the 
separate effects of heat and ash on soil properties. Of the scant information available in 
Hong Kong, fire appears to decrease soil organic matter, total Kjeldhal nitrogen, and 
exchangeable Na, Ca and Mg, but elevate pH, mineral N，exchangeable H and K, as 
well as base saturation of soil (Marafa and Chau 1999a). Whether these changes are 
caused by direct heating of the soil or ash accretion is not clearly understood. Heating 
can initiate a series of chemical changes in both the soil and vegetation. For instance, 
heating oxidizes organic matter in soil in much the same way as the aboveground 
vegetation. However, soil is a bad conductor of heat and fire effects are normally 
confined to the uppermost layer. Grassland soils in Hong Kong contain 7.74-8.99% 
organic matter in the top 5-cm layer, which is a result of frequent burning (Marafa 
1997). Fire is therefore an indirect cause of high organic matter in the soil, and yet its 
effect on the organic matter is least understood in the literature. Low temperature 
heating is insufficient to destroy a measurable amount of organic matter, resulting in 
minor changes in soil (Forgeard and Frenot 1996). Since the fire temperatures in 
previous studies were not known, it is impossible to determine the influence of fire 
intensity on soil properties. This can be verified precisely by subjecting the soil only to 
different heating treatments. 
In real environment the effect of fire on the soil system is a complex process, 
which includes the cumulative effects of heat on vegetation and soil. In order to 
understand this mechanism better, the study proceeds to investigate the effect of 
heating intensity on the vegetation and soil as a whole. Vegetation-covered soil is 
7 
likewise subject to different heating treatments to simulate the effect of a real fire. The 
presence of a vegetation layer on the soil surface not only moderates heat penetration 
but also contributes ashes to the soil. These ashes are rich in mineralized nutrients and 
part of them can be incorporated in the uppermost layer of the soil. For instance, ashes 
contain a large amount of carbonates and hydroxides that elevates alkalinity of the 
heated soil. This effect is expected to be greater than heating the soil alone; hence 
heating the vegetation-covered soil can enlighten our understanding of the immediate 
effect of fire. Besides, it is possible to find out the optimal heating temperature and 
duration with respect to nutrient supplying capacity of the soil. 
N and P are important but limiting elements for plant growth (Landon 1991; 
Bradshaw 1999). In a fire-prone ecosystem, N is more easily lost to the atmosphere 
than P through volatilization although flushes of both elements are also extensively 
reported in the literature (Hulbert 1988; Singh et al 1991; Badia and Marti 2003). 
However, the increase of mineral N after fire lasts from only several weeks to half a 
year (Tomkins et al 1991; Romanya et al. 2001 ； Yang et al 2002). In Hong Kong, the 
flush of NH4-N after a grassland fire lasts for about 3 months and the burnt site is later 
dominated by N immobilization (Marafa 1997). The short-term increase of available N 
has significant repercussions on rehabilitation of the degraded site. Marafa (1997) 
recommends revegetating the burnt site with tree species either immediately or within 
three months after fire taking advantage of the N flush. This finding re-affirms the fact 
that nitrogen is a limiting nutrient in the local soils. In unfertilized ecosystem, the 
supply of nutrients after fire depends on the continuous mineralization of soil organic 
matter. Besides nitrogen flush, combustion also results in the production of readily 
decomposable substrate needed for mineralization. Natural grasses are less nutritious 
than tree species, especially in protein content. The C: N ratios of grass materials are 
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wide and not favourable to rapid decomposition. The effect of fire onC: N ratio of the 
vegetation is not documented in the local literature, not to mention the gradual release 
of nutrients from the decomposable substrates after the passage of fire. It is thus 
pertinent to examine the mineralization of N and P in the soils that have been subject to 
different heating treatments. Findings from this experiment are of practical 
significance in reforestation work because relatively few fertilizers are added to assist 
sapling growth. P is also included in this mineralization study because the element is 
strongly fixed by aluminium in the acid soil and P mineralization is less understood 
than N mineralization in the literature. 
Heating not only mineralizes nutrients in vegetation and soil but also accelerates 
their losses through leaching. With an average rainfall of 540 mm, spring is a critical 
period in the leaching of nutrients because it overlaps partly with the fire season in 
Hong Kong. How much nutrients contained in the soil and ash will be leached by this 
spring rainfall? Soil containing greater amount of colloidal materials has a larger 
adsorption capacity and can reduce nutrient loss from leaching (Brady and Weil 1999). 
Since repeated fires diminish the organic matter in soil, the nutrient adsorption 
capacity is reduced. Indeed, 1.12 kg N ha'' was found to have leached from a newly 
burnt area in Hong Kong during a 60-day incubation period (Marafa 1997). This 
estimate is not confined to spring; instead, it covers different seasons of the year. As 
observed in the field, the majority of ash disappears in summer because of wind 
erosion, runoff and decomposition. It is thus worthwhile to investigate how spring 
rainfall affects the leaching loss of mineral N from the ash. This is accomplished by 
adding water equivalent to the total amount of spring rainfall to ash-covered soil in the 
laboratory and following the movement of mineral N in pore water and leachate. The 
ash used in this experiment is likewise subject to different heating treatments. There 
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are at least two advantages of conducting this experiment under controlled conditions. 
One is the possibility to follow closely the translocation of mineral N down the soil 
profile in specifically designed PVC columns. Another advantage is the possibility of 
identifying the source of mineral N because under controlled conditions, there is no 
uptake of N by plant and the deionized water contains no nitrogen. Will all the mineral 
N contained in ash be leached by spring rainfall? Are there other sources of N that can 
be leached by the percolating water? Findings from this experiment can shed light on 
the N budget of the ecosystem after burning. 
1.4 Objectives of the study 
The local fire regime is characterized by high frequency of bum. A place can be 
burnt by hill fire annually or once every two to three years, resulting in the dominance 
of grasslands in the local vegetation. The effects of hill fire on the vegetation and soil 
of frequently burnt grassland are not well documented in the literature. Since 
experimental fires are banned in Hong Kong, the present study adopted a simulation 
approach in the laboratory to tackle the problem. The vegetation and soil samples used 
in this study were collected from Grassy Hill in the New Territories of Hong Kong, 
which is a frequently burnt area reduced to grassland of low-species diversity. The 
vegetation and soil were subject to different heating treatments, with the following 
specific objectives: 
1. To examine the properties of ash after heating the grass vegetation at 200°, 300°， 
400°，500° and 600°C, each for 1,5 and 15 minutes; 
2. To investigate the properties of bare soil and vegetation-covered soil after being 




3. To examine the mineralization of N and P in soils that have been heated at 200°, 
300°, 400°, 500° and 600。C for 1,5 and 15 minutes, and incubated at 28°C under 
field capacity moisture condition; and 
4. To investigate the leaching of mineral N (NH4-N and NO3-N) from ash-covered 
soil in PVC columns. 
1.5 Significance 
This study aims to provide a better understanding of the properties of ash and the 
separate effects of heat and ash on a frequently burnt soil in Hong Kong. Nutrient 
dynamics in a post-heating environment is also examined, with special emphasis on N 
and P mineralization and the leaching of mineral N from ash-covered soil. It is 
believed that as a result of frequent burning, most hill fires in Hong Kong are of 
low-intensity type due to the limited supply of fuel load. The majority of ashes left by 
grassland fires is black in color and dominated by semi-combusted plant residues, 
suggesting that incomplete combustion is a common phenomenon. In this connection, 
there are many misconceptions about the effects of fire in the local environment. For 
instance, many researchers tend to believe that fire always results in an alkalinity 
effect of the soil and that the mineralization of cation nutrients in the vegetation will 
increase with the temperature of heating. Of course, there is a paucity of information 
about ash properties and the separate effects of heat and ash on the soil. Findings from 
this study will undoubtedly fill many of the knowledge gaps in fire ecology and clarify 
some of the long-held misconceptions about fire. More importantly, examining the 
effects of fire can enlighten our understanding of the ecological processes of nutrient 
cycling and successional development. 
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Hill fire is a major threat to our country parks. Annually vast amount of resources 
is invested in the rehabilitation of fire-disturbed areas, yet the percentage of forested 
area remains stable at 14% over the last two decades. Ash is a nutrient pool that can 
support the growth of tree saplings, and yet this function has never been optimized in 
Hong Kong's forest management. The study of ash properties in relation to heating 
intensity represents a first step in this direction. Of course, the assessment of soil 
fertility after fire, the mineralization of N and P in the heated soil as well as the 
translocation of mineral N down the soil profile is of practical relevance to country 
park management. These findings will also shed light on the practice of ecological 
restoration, including the time of planting, selection of species and fertilizer 
management. 
1.6 Organization of the thesis 
This thesis consists of seven chapters. Chapter 1 states the problem of hill fires in 
Hong Kong and lays out the conceptual framework of the study. The need of this kind 
of study and approach are also justified. Chapter 2 is a description of the geographical 
setting of Hong Kong and the study area at Grassy Hill in the New Territories. Fire 
history and baseline soil properties of the study site are given. Chapter 3 investigates 
the properties of ash obtained from heating the grass vegetation at 200°, 300。，400。， 
500° and 600°C，each for 1, 5 and 15 minutes. The combined effects of heating 
temperature and duration are also illustrated. Chapter 4 examines the separate effects 
of heat and ash on the properties of the frequently burnt soil at Grassy Hill. Bare and 
vegetation-covered soils are subject to different heating treatments. The 
mineralization of N and P in the heated soils is compared in Chapter 5. A comparison 
of these processes between the bare soil and vegetation-covered soil will also be 
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detailed in this chapter. Chapter 6 deals with the simulation of N leaching from 
ash-covered soil in PVC columns. The amount of N present in pore water of the 0-10 
cm, 10-20 cm and 20-30 cm soil layers, as well as the leachate will be measured with 
the stepwise addition of deionized water to simulate leaching. The total amount of 
water added to each PVC column of soil is equivalent to the average spring rainfall of 
540 mm in Hong Kong. Chapter 7 is an integrative discussion of the thesis. It begins 
with a summary of the major findings, followed by clarification of misconceptions 
about the effects of fire. Implications from the results are also discussed, including 
nutrient status of the soil after fire, nutrient budget of a frequently burnt grassland 
ecosystem and issues related to ecological rehabilitation of fire-disturbed area. The 
limitations of the study and suggestions for future research are also included. 
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CHAPTER TWO 
THE STUDY AREA 
2.1 Introduction 
This chapter describes the geographical setting of Hong Kong in general and the 
environment of the study area, Grassy Hill in the New Territories of Hong Kong, in 
particular. The Hong Kong Special Administrative Region lies on the southeastern 
coast of China, between latitudes 22。09，and 22°37 N，and longitudes 113°52' and 
114^30 E. It has an area of about 1096 kml 
2.2 Geographical setting of Hong Kong 
2.2.1 Climate of Hong Kong 
Hong Kong has a subtropical monsoon climate, which is governed by an 
alternation between a continental high pressure system in winter and a low pressure 
system in summer. In general, there are four fairly well-marked seasons but they are of 
unequal duration (Chin 1986). A dry winter lasts from November to February. A damp 
spring is confined to March and April. The long and hot summer starts from May to 
mid-September and a short and dry autumn lasts from mid-September to early 
November (Guan 1993). 
Figure 2.1 shows the mean monthly rainfall and temperature of the territory from 
1961 to 1990. With an average summer temperature of 28°C and winter temperature of 
18。C, the mean annual temperature of Hong Kong is 23°C (Hong Kong Observatory 
2002). The afternoon temperatures are about 5°C higher than the coldest temperatures 
at night. The mean annual rainfall of Hong Kong is 2,214 mm. Most of the 
precipitation is in the form of rainfall and over 80% of the mean annual precipitation 
occurs during the period form April to September. Monthly variations of rainfall are 
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controlled by monsoons and depend largely on the properties of air streams covering 
the southern China coast (Chin 1971). A great amount of rainfall is sometimes 
associated with tropical cyclones and troughs (Bell and Chin 1968)，which results in 
the occurrence of landslides and severe slope wash. 
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Figure 2.1 Mean monthly rainfall and temperature in 
Hong Kong for the period 1961-1990 
(Source: Hong Kong Observatory 2002) 
2.2.2 Geology of Hong Kong 
The geology of Hong Kong is associated with the Yanshanian tectonic movement 
(Jurassic Period) during which large amounts of lava and ash were emitted via 
eruptions and massive granite batholiths intruded underground. As a result, igneous 
rocks underlie most parts of the territory (Peng 1986). The Repulse Bay Volcanic 
Formation, which consists of the most common rock types in Hong Kong, spread over 
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the eastern peninsulas of the New Territories, Tai Mo Shan, western Lantau Island and 
about half of Hong Kong Island. The rocks formed are mostly volcanic tuffs with some 
lava in the marginal areas. They are siliceous and rhyolitic in chemical composition 
(Peng 1986). 
Granite outcrops occupy about one-third of the land area in Hong Kong (Grant 
1960). As an intrusive rock, the removal of overburden leads to the relief of stress in 
the rock stratum. This results in a well-developed jointing system of the granite, 
rendering the rock vulnerable to attack by weathering agents. Non-igneous rock types 
of sedimentaries, metamorphosed sedimentaries and quaternary deposits are scattered 
as tiny patches in the territory (Peng 1986). 
2.2.3 Soils of Hong Kong 
In Hong Kong, more than 800 km of the territory can be described as hilly. Grant 
(1960) classifies the hill soil as mainly red-yellow podzol and krasnozem. In general, 
granite rocks give a red-yellow podzolic soil at all altitudes; and volcanic rocks 
generally develop into krasnozem at altitudes below 300m. However, in upland areas 
where rainfall intensity is increased by orographic uplift, volcanic rocks can also 
develop into red-yellow podzol (Grant 1960). 
The red-yellow podzol in Hong Kong is classified under the order Ultisol. Where 
the red-yellow podzol is derived from granite, the soil is vulnerable to displacement by 
slope wash and mass wasting. Once erosion occurs, the area is dissected by gullies and 
converted to badlands, which are coarse-textured and depleted in organic matter and 
nitrogen contents (Grant I960). Red-yellow podzols are extensively found in Castle 
Peak, Tai Lam Chung, Kowloon Peninsula and north half of Hong Kong Island. The 
study area, Grassy Hill, is underlain by red-yellow podzol at an altitude of 647 m in the 
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Tai Mo Shan area. 
The krasnozem is classified under the order Oxisol, which is equivalent to the red 
soil in subtropical China. It is red in colour, granular in structure, but lacks the proper 
profile development. It is less easily eroded and hence more fertile than the red-yellow 
podzol. As it is characterized by high clay content, good drainage and aeration, many 
of the secondary native woodlands are associated with krasnozem. Krasnozem is 
found mainly in the Tai Mo Shan area in the New Territories of Hong Kong. 
2.2.4 Vegetation of Hong Kong 
By comparing the climatic and floral composition with other regions in Asia, 
Thrower (1970) concludes that evergreen or semi-deciduous forest is the climax 
vegetation in Hong Kong. Owing to human impact and massive deforestation during 
the Japanese occupation period from 1942 to 1945 (Robertson 1953), most of the 
original forests in Hong Kong have been replaced by secondary vegetation. Nowadays, 
forests or woodland areas in Hong Kong are confined to the feng shui woods and 
montane woodlands. The feng shui woods are preserved by the ethnic Hakka people in 
their belief of geomancy, while the montane woodlands are secondary vegetation 
located in remote ravines. They are primary in nature with respect to their structure 
and floral composition. 
The present-day terrestrial vegetation of Hong Kong can be broadly divided into 
forest/woodland, scrubland, grassland and specialized communities of coastal and 
urban habitats (Catt 1986). In the absence of disturbance (mainly hill fire), ecological 
succession proceeds from grassland to scrubland and forest. However, due to the high 
frequency of fire, ecological succession on fire-affected slopes are arrested at the stage 
of grassland (Hodgkiss et al 1981). After hill fire, replanting of vegetation is carried 
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out by AFCD in spring. Nowadays, about one third of the forested area in Hong Kong 
is a result of plantation (Ashworth et al 1993). 
The flora of Hong Kong is very diverse, consisting of 3,136 vascular species 
belonging to 267 families (AFCD and CAS 2001). The great diversity of plant life in 
Hong Kong is largely explained by the fact that Hong Kong's climate is transitional 
between humid tropical and warm temperate maritime so that many tropical as well as 
temperate zone families are present (Catt 1986). 
2.3 Site selection 
A slope on Grassy Hill in the New Territories of Hong Kong is chosen as the study 
area from which vegetation and soil are collected (Figure 2.2). The area is chosen due 
to the following reasons: 
1. Recurring fire is a common phenomenon in Hong Kong, yet its' effect on the 
properties of soil is virtually unknown. The current study is therefore designed to 
discover the effect of heat on the properties of ash and soil derived from a 
repeatedly burnt area. Grassy Hill is one of the areas that are frequently ravaged 
by fire. In the past decade, there were 37 occurrences of hill fire in the area and 
the vegetation community is reduced to grasslands. The site is therefore 
representative of upland areas (650 m) frequently affected by hill fires. 
2. Grassy Hill lies at the eastern side ofTai Mo Shan, which is located almost at the 
middle part of the New Territories of Hong Kong. The study site is actually an 
extension of the Tai Mo Shan area; hence is similar in geology and soil. Some of 
the local studies on fire ecology were carried out on the grassy slopes in Tai Mo 







































of results possible. 
3. The study area lies between the Shing Mun Country Park, Tai Mo Shan Country 
Park and Tai Po Kau Nature Reserve. AFCD has kept a complete fire record of 
the area since 1970，s, which facilitates our interpretation of the results. 
4. The site is easily accessible and close to the Chinese University of Hong Kong. 
There is a forest track leading to the site from the Tai Po Kau Nature Reserve. 
2.4 Grassy Hill 
Grassy hill is located at longitudell4°09'52.5" E and latitude 22°24'37.8"E. With 
an altitude of 647m, it lies between Tai Po Kau Nature Reserve (compartments 5 and 
15), Tai Mo Shan Country Park (compartment 27) and Shing Mun Country Park 
(compartment 4). More specifically, the study site is located on a 25° slope southeast of 
the Grassy Hill. 
Grassy Hill is underlain by red-yellow podzol formed from the weathering of 
volcanic rocks (Grant 1960). Table 2.1 summarizes the general properties of the 
red-yellow podzol collected from Grassy Hill. The soil is non-saline and has a sandy 
loam texture. It is strongly acidic in reaction (pH 4.57-4.75) although acidity is lower 
in the 20-30 cm layer than the top 20 cm layer. Total exchangeable acidity (Al + H) 
predominates over the exchangeable bases of K, Na, Ca and Mg. The high aluminium 
saturation and low base contents probably account for strong acidity of this soil. The 
soil is relatively rich in organic matter content, which decreases with depth in the order 
of 5.48% (0-10cm), 4.71% (10-20cm) and 2.93% (20-30cm). It contains low to 
moderate levels of total Kjeldhal nitrogen (0.10-0.26%), which also decreases with 
depth. Overall, the soil is deficient in total phosphorus and cation 
nutrients. 
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Table 2.1 Soil properties of the study site in Grassy Hill 
Parameters 0-10cm 10-20cm 20-30cm 
pH 4.58 (0 .06)4 .57 (0 .03)4 .75 (0.08) 
Texture (o/o) Clay 23.12 28.47 33.31 
Silt 21.56 24.97 19.8 
Sand 55.31 46.56 46.9 
Bulk Density (Mg m"^ ) 0.98 (0.06) 1.09 (0.08) 1.21 (0.08) 
Conductivity (mS cm"^ ) 1.00 (0.01) 0.98 (0.01) 0.98 (0.01) 
SOM (%) 5.48 (1.36) 4.71 (1.25) 2.93 (0.58) 
TKN (%) 0.26(0.04) 0.16(0.03) 0.10(0.02) 
TP (mg kg-') 51.4(12.5) 54.6(18.6) 54.5 (14.5) 
Exchangeable K (cmol kg.、 0.19 (0.02) 0.16 (0.01) 0.14 (0.00) 
ExchangeableNa(cmolkg^) 0.12 (0.11) 0.12 (0.09) 0.15 (0.04) 
Exchangeable Ca (cmol kg"^ ) 0.22 (0.08) 0.12 (0.04) 0.11 (0.02) 
Exchangeable Mg (cmol kg"^ ) 0.09 (0.02) 0.05 (0.02) 0.04 (0.01) 
Exchangeable H (cmol kg]) 3.15 (1.26) 2.70 (0.82) 3,31 (0.41) 
Exchangeable Al (cmol kg'^) 5.71 (1.66) 5.20 (1.37) 3.36 (0.42) 
The values are the average of 5 replicates 
Fire occurs frequently in Grassy Hill. In the last decade, 37 hill fires were recorded 
in the area (Table 2.2). After fire, some of the plants are able to grow back from 
rootstocks or rhizomes. Where repeated fires have occurred, the slopes are reduced to 
grasslands. It is impossible to trace the fire history of the sampling plot from which 
soil and vegetation have been collected in this study, except that it is covered by 
grasses. 
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Table 2.2 The fire record of Grassy Hill (AFCD 1992-2002) 
Location 92/93 93/94 95/96 9 6 ^ 97/98198/99199/00100/01 |01/02|Tot~ 
Compartment 5 (TPK) “ F 
Compartment 15 (TPK) F 3 F _ 4F 5F 3F 4F 2F 2F ^ “ 2 7 F 
Compartmsnt 27 (IMS) F ^ _ 3 F _ _ 6 F F 4F F 2F 21F 
Compartment 4 (SM) 4F___F 2F F 8F 
Total 6F 7F 9F 'llF 4F 9F 3F一2F ^F一37F 
F: Frequency of fire occurrences 
Besides the impact of hill fire, soil, moisture, wind and feral cattle also affect plant 
growth in Grassy Hill. The sheltered valleys are covered by woodland, which is 
replaced by shrub land at higher altitudes. The open slopes near the hill top are covered 
by a mixture of grasses and isolated shrubs as a result of frequent burning and an 
exposed environment. The most dominant grasses are species belonging to the 
Miscanthus’ Ischaemum and Imperata genera (AFCD and CAS 2001). The isolated 
shrubs include Rhodomyrtus tomemtosa. Acacia confusa, Machilus spp., Melastoma 
sanguineum and Scleria spp., which possess root suckers. In a site survey conducted 
prior to the experiments in this study, the phytomass of grasses in the site averaged 
322.6 g m-2. 
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CHAPTER THREE 
HEATING EFFECT ON THE PROPERTIES OF ASH 
3.1 Introduction 
Fire has long been a menace to Hong Kong's countryside, and more than 500 
outbreaks of hill fires can occur in a single fire season (Marafa 2002). Its frequent 
occurrence and severe impacts on environment make it an important ecological factor in 
the territory. The most direct effect of fire is vegetation destruction. Fire directly 
combusts vegetation and renders it into ash. The subsequent incorporation of ash into 
soil can supply nutrients needed for plant growth. Despite the fact that ash has an 
important effect on soil property, its properties and behavior are not well understood. 
The understanding of ash properties is therefore essential in the comprehensive 
understanding of fire effect. 
Ash property depends on the quantity and quality of vegetation as well as the 
temperature and duration of heating (Christensen 1987). With the occurrence of fire, 
combustion of vegetation material forms carbonates, bicarbonates and hydroxides that 
have alkaline effects (Mroz et al. 1980; Pietikaninen et al 1999). Hence, ash pH 
generally increases with heating temperature. For instance, Mroz et al (1980) find that 
pH of the humus layer in pine forests rises with heating due to release of mineral 
nutrients. Although most studies report that ash pH increases with heating, Pietikanen et 
al. (2000) find that pH of forest humus layer decreases upon heating at 160。C，but rises 
at temperatures above 230°C. 
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N is the most important, but also a limiting nutrient in soil (Bradshaw 1999). Since 
it has a low volatilization temperature of 220°C (Debano et al. 1998)，fire can aggravate 
the problem of N shortage, as substantial amounts of N can be lost during fire. Losses of 
aboveground N during burning have been extensively reported (Allen 1964; Andriesse 
and Schelhass 1987; Trabaud 1994; Sanchez and Lazzari 1999; Giardina et al. 2000b). 
Giardina et al, (2000a) review the nutrient losses during slash and burning and find that 
up to 97% of N in aboveground biomass can be lost in a single fire. More than 95% of N 
is dissipated in wild fires at 560°C (Van de Vijver et al. 1999). The amount of N 
remaining in ash depends on the intensity and duration of a fire (Christensen 1973). 
Mineral N is a chemical byproduct of heating, and flushes of mineral N in ash are 
extensively reported (Lloyd 1971; Christensen and Muller 1975; Debano et al. 1979; 
Mroz et al. 1980; Sanchez and Lazzari 1999). Although fire is a potent mineralizing 
agent, mineral N can volatilize when the heating temperature is sufficiently high. For 
instance, both NH4-N and NO3-N are lost through volatilization after intense heating of 
the litter layer (Debano et al. 1979). Low concentrations of NH4-N and NO3-N are 
discovered in the leachate from ash ignited at 500°C, indicating that little inorganic N 
remains after heating (Dubreuil and Moore 1982). In short, heating at low temperatures 
facilitates N mineralization, while high intensity heating diminishes mineral N. How will 
mineral N in ash change with heating temperature and duration? At what temperature 
will heating generate the highest level of mineral N? These questions are related to the 
cycling of elements and ecosystem productivity. 
In Hong Kong, the acidic nature of the local soil hinders the bioavailability of P, 
which is a limiting factor to plant growth. Considering the fact that volatilization of 
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inorganic P only occurs at temperatures above 774°C (Raison et al. 1985), P loss due to 
low intensity heating is not substantial. The content of ash P remains unaltered when the 
vegetation is heated at 400°C (Caldwell et al. 2002). On the other hand, heating can 
facilitate P mineralization in much the same way as N. With the effect of heating, an 
increase in available P in the forest floor is reported (Dymess and Norum 1983). Heating 
appears to be beneficial to P cycling in the soil-plant system. 
The losses of cations during heating, such as K, Na，Ca and Mg, are generally lower 
than other elements because of its' high volatilization temperatures. The volatilization 
temperatures of K�Na, Ca and Mg are 774��600��1484��1107。C respectively (Raison et 
al. 1985; Debano et al 1998) and their recovery rates in ash are usually high (Allen 
1964; Kauffman et al. 1991; Giardina et al. 2000b). Along with the losses of other 
elements, the concentrations of cations increase with fire severity, and Ca, K, Mg and P 
are indeed the major components in ash (Etiegni and Campbell 1991). Since these 
cations are mainly present in forms of oxides or carbonates, heating makes these 
nutrients more available to plants (Viro 1974). However, they are also susceptible to 
leaching, especially under acidic soil conditions. 
Although ash properties are recorded in overseas literature, it varies among 
different studies. These variations can be attributed to the differences in methodology, 
time of sample collection, heating temperature and duration as well as the quality of 
vegetation. In Hong Kong, where the occurrence of hill fire is frequent, ash property is 
seldom if ever documented. This chapter is designed to bridge this knowledge gap. In 
this study, a simulation approach is employed to examine its properties at varied heating 
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temperatures and durations. The study attempts to answer the following specific 
questions: 
1. How does ash weight change with heating temperature and duration? 
2. What is the effect of heating on ash pH? 
3. How does heating affect organic C and N in ash? 
4. At what heating temperature and duration is N in vegetation mineralized? 
5. Is total P in vegetation material lost during heating? 
6. How does heating alter the content of mineral P? 
7. How does heating affect the formation of available K, Na, Ca and Mg in the ash? 
3.2 Experimental design and methodology 
3.2.1 Selection of simulation heating 
The methods employed by previous researchers studying its properties can be 
categorized into three types. The first method is prescribed burning and the subsequent 
collection of ash. Since the time of fire occurrence is well planned and vessels are laid 
on the site prior to fire, it is relatively easy for ash collection. Another merit of this 
method is the similarity of the burning conditions to natural hill fires. However, since 
prescribed burning is not allowed in Hong Kong, it is not feasible for this study. The 
second method is ash collection after a natural wildfire. The ash collected by this method 
is derived from a real fire, but collecting the ash within a short period of time after an 
accidental occurrence of fire is difficult, and it is hard to separate the ash from the soil. 
Besides, neither the temperature nor the duration of bum can be known. The third 
method involves conducting the experiment under completely simulated conditions. The 
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heating of vegetation material is carried out in a muffle furnace. Although the ash 
obtained from this method is not from a real fire, it is like a white box approach to 
simulate a natural situation. The temperature and duration of heating can be controlled. 
Also, the vegetation can be separately heated, thereby eliminating the problem of 
removing the ash from soil. Due to these advantages, a simulation approach is adopted 
in this study. 
3.2.2 Heating intensity at 200。- 600。C for 1，5 and 15 minutes 
Different ash properties can be resulted from varied heating intensities. Nutrients 
in vegetation are mineralized and became available to plants upon moderate heating, 
while intense heating results in complete combustion of organic matter and significant 
nutrient losses. Therefore, this study is designed to discover the properties of ash heated 
at different temperature and duration matrices. Samples of vegetation (grasses) in this 
study were separately heated at 200°, 300°, 400°, 500° and 600®C, each for 1, 5 and 15 
minutes. 200°C was chosen as the lowest heating temperature, because 220°C marks the 
start of soil organic matter combustion (Debano 1998). 600®C is set as the highest 
heating temperature, since local grassland fire is found to be lower than this temperature 
(Chau 1994). Concerning the selection of heating durations, although a single hill fire 
can last from one to several hours (AFCD 2002), the passage of a single fire on a patch 
of area normally lasts from 1 to 15 minutes (AFCD officer, personal communication, 
2001). Therefore, the heating durations in this study are set at 1，5 and 15 minutes. 
3.2.3 Field work 
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In the study site at Grassy Hill, a plot of 6m x 5m was demarcated for the 
purpose of vegetation sampling. The overlying vegetation and litter samples were 
collected and returned to the laboratory. To prevent contamination, the vegetation and 
litter were rinsed with distilled water to remove any soil and dust. They were then oven 
dried at 70°C for 48 hours (Allen 1989), and after which the phytomass was recorded. 
They were then ground to pass through a 2 mm sieve, homogenized and stored in a cool, 
dry place for chemical analysis. 
3.2.4 Heating method 
Plant materials were placed in 15 cm x 15 cm x 5 cm trays made of aluminium 
foil. The amount of plant material in each tray was 7.3 g, which was equivalent to the 
studied biomass of grass in the field. They were subject to heating in a muffle furnace 
preheated to the required temperatures. The samples were separately heated at 
temperatures of 200°, 300®, 400°, 500° and 600®C, each for 1, 5 and 15 minutes. There 
were 5 replicates for each heating treatment. After heating, ash was weighed and 
analyzed for pH, organic C, TKN, available N, total P, available P and available K, Na, 
Ca and Mg. Samples that were not analyzed immediately after heating were stored in 
plastic vials. Unhealed vegetation samples were also analyzed for organic C, total N, 
total P and total K, Na, Ca and Mg. The contents of the elements were expressed as kg 
ha"', which were calculated by multiplying their concentrations with the ash weight. 
3.2.5 Chemical Analysis 
Reaction pH 
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pH is one of the indicative measurements of ash's properties and it gives an 
indication of the acidity and alkalinity of the ash. Ash pH was measured by mixing 0.1 g 
ash with 30 ml distilled water. After shaking for 10 minutes, the ash suspension was 
allowed to stand for 30 minutes and tested for pH by use of an Orion Expandable ion 
Analyzer (Black 1983). 
Organic carbon 
Organic carbon is the largest constituent of vegetation, and its combustion during 
heating is closely related to the transformation of ash properties. Organic carbon was 
determined through the loss on ignition method. 0.5 g of ash or the oven-dried 
vegetation was weighed in a dry crucible. It was then placed in a muffle furnace, and the 
temperature was allowed to rise slowly to 550®C. The ash or the oven dried vegetation 
was maintained at this temperature for 2 hours (Allen 1989). The percentage of organic 
matter was determined by the weight loss over the original weight of ash. The organic 
carbon percentage was then calculated by multiplying the percentage of organic matter 
by a factor of 0.58 (Chaney and Swift 1984). 
Total Kieldahl Nitrogen (TKN) 
Nitrogen is an essential macronutrient in plant nutrition and is easily lost through 
volatilization in fires. The Kjeldahl digestion method was used in the determination of 
total nitrogen. 0.2 g of ash or oven dried vegetation was digested in sulphuric acid in the 
Tecator DS20 digestor block with an addition of copper sulphate as catalyst and 
potassium sulphate to raise the boiling point. Free ammonia was liberated from the 
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digest by steam distillation in the presence of excess alkali using a Tecator Kjeltec 1026 
distillation unit. The distillate was collected in a receiver containing excess boric acid 
and determined titrimetrically using 0.02 Mhydrochloric acid (Allen 1989). 
Available nitrogen (NH4-N and NO�-N) 
Heating can mineralize organic nitrogen in vegetation during the combustion of 
organic matter. Therefore, the contents of available N in ash increase after heating (Mroz 
et al. 1980; Sanchez and Lazzari 1999). Available nitrogen in ash was determined 
colorimetrically, in accordance with the procedures described by Anderson and Ingrain 
(1989). 0.2 g of ash or oven dried vegetation was extracted with 100 ml of distilled 
water. After shaking for an hour, the extract was filtered through Whatman 6 filter paper. 
The filtrates were then subjected to flow injection analysis. 
For the determination of NH4-N，the filtrates were injected into a carrier stream of 
distilled water and mixed with O.IM sodium hydroxide. The joint stream was passed 
along a membrane in a gas diffusion cell. The ammonia gas diffused through the 
membrane into a stream of ammonia indicator solution. NH4-N was detected 
colorimetrically at a wavelength of 590 nm (Tecator 1984a). 
For the determination of NO3-N, the filtrates were injected into a carrier stream of 
0. \M ammonium chloride dissolved in distilled water. The nitrate was reduced to nitrite 
in a cadmium reductor. With the addition of acidic sulfanilamide and N-(l-Naphtyl)-
ethylenediamine dihydrochloride from the merging streams, NO3-N was detected 
colorimetrically at a wavelength of 540 nm (Tecator 1984b). 
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Total phosphorus (TP) 
Phosphorus is a macronutrient needed for plant growth. Its content was determined 
by digesting 0.2 g of ash or oven dried vegetation in a mixture of perchloric, nitric and 
sulphuric acid at a ratio of 1: 5: 0.5 (Allen 1989). The extract was filtered through 
Whatman 6 filter paper and added with distilled water to 50 ml. The filtrates were 
subject to testing through the molybdenum blue method using stannous chloride as the 
reducing agent through flow injection analysis. Absorbance was measured at a 
wavelength of 690 nm. 
Available P 
Plants can absorb only the mineral portion of P. Available P was determined by 
extracting 0.2 g of ash with 100 ml distilled water. After shaking for an hour, the extract 
was filtered through Whatman 6 filter paper. The filtrate was then used for 
determination of available phosphorus by the molybdenum blue method using stannous 
chloride as the reducing agent through flow injection analysis (Black 1983). Absorbance 
was measured at a wavelength of 690 nm. 
Total K, Na. Ca and Mg 
K, Na, Ca and Mg are important nutrients for plant growth. Total K, Na, Ca and 
Mg in the vegetation were determined by digesting 0.2 g of oven dried vegetation or ash 
in a mixture of concentrated perchloric, sulphuric, and nitric acid at a ratio of 1: 0.5: 5 
(Allen 1989). The extract was filtered through Whatman 6 filter paper and brought up 
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with distilled water to 50 ml. Total K，Na, Ca and Mg were then determined using the 
Varian Spectra AA-300 atomic absorption spectrophotometer. 
Available K, Na, Ca and Mg 
Heating can mineralize part of the organically bound K, Na, Ca and Mg in 
vegetation to their mineral forms. Available K, Na, Ca and Mg in ash were determined 
by extracting 0.5 g of ash in 10 ml of 10% HQ. After soaking for 3 hours, the extracts 
were filtered through Whatman 6 filter paper and added with distilled water to 50 ml. K, 
Na, Ca and Mg were determined by use of the Varian Spectra AA-300 Atomic 
Absorption Spectrophotometer. 
3.2.6 Analysis of data 
All the raw data from the experimental analysis was entered into the spreadsheet 
software MS Excel for tabulation and calculation. The results were then transferred into 
the SPSS (for Windows) statistical package for data analysis. Means and standard 
deviations were calculated. The differences between heating treatments were tested by 
ANOVA (Duncan's Multiple Range Test). The significance levels of all the tests were set 
at p<0.05. Since the sample size is small (n=5), power analysis was also carried out to 
examine the type II error when the test results are not significantly different. A power of 
0.8 is generally considered acceptable (Cohen 1988) and tests having powers lower than 
0.8 are stated in the tables. 
3.3 Results and Discussion 
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3.3.1 Heating effect on ash weight and pH 
Ash weight decreased progressively with heating, but significant reduction of ash 
weight only appeared at 300°C onwards (Table 3.1). Above this temperature, ash weight 
decreased progressively, and became stabilized at 600°C. When the vegetation was 
heated at 600°C for 15 minutes, the weight decreased by 80% from 3,227 to 618 kg ha^ 
Ash pH ranged from 5.0 (200。C 1 minute) to 9.5 (600。C 15 minutes). It 
increased with heating temperature and duration, but the increase was only significant 
from 300°C onwards. At 200° to 300°C，ash was slightly acidic. It became neutral at 
400®C and ash pH finally peaked at 9.5 when heated at 600°C for 15 minutes (Table 3.1). 
This finding agreed with Mroz et al (1980) who find that pH of the organic layer in 
Douglas fir forest increased by 1 unit at 400''C. The researchers attributed this to the 
formation of oxides and carbonates during the combustion of organic matter. 
3.3.2 Heating effect on ash organic C, N and P 
Organic C decreased significantly with heating from 200° to 600°C (Table 3.1). 
The sharpest reduction, however, appeared at 300°C for 5 minutes. Under this heating 
treatment, organic C decreased by 55% from 1,835 to 827 kg ha'^ It continued to 
decline at higher temperatures. Upon heating at 600°C for 15 minutes, approximately 
90% of the organic C was lost, resulting in a small quantity of 202 kg ha]. Organic C in 
aboveground biomass is susceptible to volatilization loss during fire (Trabaud 1994; 
Sanchez and Lazzari 1999). Our finding of 90% loss of organic C from grass material at 
600。C agreed reasonably well with Trabaud (1994)，who finds fires of 750。C dissipate 
97% of C from the combustible material in Mediterranean shrubland. 
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Table 3.1 Weight, pH and organic C content of the vegetation and ash 
Heating Weight pH Organic C 
Treatment (kg ha'') Loss (%) (kg ha'') Loss (%) 
~ U n h e a t e d 3,227' ND 1 , 8 3 5 ' ~ ND 
vegetation (529) (52.2) 
200°C 1 min 3,062" s!o? 1,727''' 
(20) (0.03) (24.7) 
200°C 5 min 3,004'^  6.9 5.06' 1 , 6 3 9 ^ 1 0 . 7 
(9) (0.04) (47.1) 
200°C 15 min 3,009'^  6.7 5.02' 1,653®^  9.9 
(0.05) (48.9) 
300°C 1 min 2,871' ~ I L O 5.1” 1,600® IZ8 
(68) (0.02) (22.6) 
300°C 5 min 1,631」 49.4 6.13^ 827^  54.9 
(81) (0.09) (40.6) 
300°C 15 min 1,044' 67.6 6.09^ 505^ ^ 72.5 
(588) (0.10) (287.6) 
400。C 1 min 1,493。 K ? ETP ^ ^ 
(271) (0.19) (148.4) 
400°C 5 min 1,071' 66.8 7.0ld 490^ 73.3 
(22) (0.07) (23.4) 
400°C 15 min 858& 73.4 V.ll'^ 362*^  80.3 
£ 1 ) (0.03) (17.1) 
500。C 1 min 7L2 7.49" ~ 7 Z 5 
(15) (0.07) (13.9) 
500°C 5 min 898& 72.2 7.67^ 386"^  79.0 
(13) (0.07) (18.0) 
500°C 15 min 724'^  77.5 7.97^ 260'^  85.8 
(0.24) (33.0) 
600°C 1 min ^ 298^ s I s 
(49) (0.15) (29.9) 
600°C 5 min 773'^  75.6 8.84' 304'^ 83.4 
(17) (0.08) (8.2) 
600°C 15 min 618' 80.9 9.52^ " 202' 89.0 
(58) (0.15) (23.6) 
Values are means of 5 replicates. 
ND: Not determined. 
Values in parentheses represent standard deviations. 
Values for each column sharing the same letters are not significantly different (p<0.05) by the 
Duncan's Multiple Range Test. 
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Similar to organic C, heating reduced total Kjeldahl nitrogen (TKN) in 
vegetation. Significant reduction in TKN started from 200°C onwards but became more 
or less stabilized at 500° and 600°C. After heating the grass at 600°C for 15 minutes, 
TKN decreased by 90% from 53.6 to 4.8 kg ha] (Table 3.2). Since the threshold 
volatilization temperature of N is 200®C (White et al 1973), the drastic reduction was 
probably due to gaseous loss. Most of the previous literature report substantial loss of N 
after fire (Allen 1964). Andriesse and Schelhass (1987) find that approximately 75% of 
TKN are lost from the abovegroimd vegetation in a scrubland fire of 700®C. Our finding 
of 90% loss at 600°C is higher than their results. Since grass is more easily combusted 
than shrubs, the greater N loss from heating of grass in this study is not surprising. In 
addition, because the grass was dried and ground prior to heating, combustion of 
vegetation and volatilization of N were more severe in this study. 
Heating at 200°-600°C mineralized N. Therefore, NH4-N was detected in ash and 
it ranged from 0.11 to 0.32 kg ha"^  among the ash samples. The content of NH4-N was 
highest at 200。and 300。C. It peaked at 0.32 kg ha"^  when heated at 300°C for 5 minutes. 
At temperatures above 400®C, NH4-N declined and dropped below that of the ash heated 
at 200°C (Table 3.2). Obviously, heating has mineralized organic N in vegetation and the 
magnitude was most conspicuous at 200° and 300°C. This finding was comparable to 
Sanchez and Lazzari (1999). In their study, N mineralization takes place in grass ash at 
300°C for 5 minutes and they attribute it to the lysis of amino acids. The decline of NH4-
N at 500° and 600°C in this study was probably due to volatilization. 
Likewise, as heating mineralized N in vegetation, NO3-N was detected in the ash 
and it ranged from 0.09 to 0.17 kg ha]. At 200。-300。C，NO3-N increased with heating 
35 
Table 3.2 TKN, NH4-N and NO3-N contents in the vegetation and ash 
T ™ n h I ^ NOT^ 
Heating Treatment (kg ha'') Loss (%) (kg ha'') (kg ha'') 
Unhealed 53.6^ ND ND ND 
vegetation (1.85) 
200。C 1 min 43.5^ 18.8 0.10'^ 
(3.26) (0.07) (0.01) 
200°C 5 min 38.4^ 28.2 
(4.17) (0.06) (0.03) 
200°C 15 min 37.6^ 29.8 0.23'^' 0.13'^' 
(1.08) (0.07) (0.03) 
300°C 1 min 35.1^ 34.4 0.14'^ 
(1.39) (0.08) (0.03) 
300°C 5 min 19.0' 64.5 0.32。 0.21^ 
(1.73) (0.26) (0.06) 
300°C 15 min 77.0 0.19'^' 
(6.93) (0.12) (0.11) 
400°C 1 min 17.1' 68.0 
(3.42) (0.10) (0.05) 
400°C 5 min ll .S'd 77.9 0.15'^ 
(0.93) (0.06) (0.02) 
400°C 15 min 8.8*'' 83.5 
(0.80) (0.05) (0.04) 
500°C 1 min 83.6 0.26'''' 
(1.02) (0.12) (0.05) 
500°C 5 min 7.8''' 85.5 0.19'''' 
(1.04) (0.05) (0.08) 
500°C 15 min 5.9'^ 89.0 0.14''' 0.13'''' 
(0.53) (0.09) (0.03) 
600°C 1 min 6.2'^ 88.4 
(0.57) (0.03) (0.03) 
600。C 5 min 6.5'^ 87.9 O.nab。 
(0.52) (0.02) (0.02) 
600°C 15 min 4.8' 91.0 0.11' 0.09' 
(0.56) (0.02) (0.01) 
Values are means of 5 replicates. 
ND: Not determined. 
Values in parentheses represent standard deviations. 
Values for each column sharing the same letters are not significantly different (p<0.05) by 
the Duncan's Multiple Range Test. 
duration and reached the peak of 0.21 kg ha"^  at 300°C for 5 minutes. Upon heating at 
300°C for 15 minutes, NO3-N started to decline. At 400°-600°C, NO3-N decreased 
progressively, but the amount of NO3-N was still comparable to that found at 200°C 
(Table 3.2). Our finding was similar to Debano et al. (1979)，who find that NO3-N in 
ceanothus litter declines at 320°-600°C. From the results, it seems that heating at 
temperatures lower than 300°C is beneficial to N availability; heating beyond this 
temperature, however, causes subsequent reduction in mineral N content. 
Total P was lost during heating. It decreased progressively with duration at 300® to 
600°C. After heating at 600®C for 15 minutes, total P decreased by 82% from 11.0 to 1.9 
kg ha'' (Table 3.3). One possible explanation for loss of P is the sparking of ash during 
heating, which led to losses of ash and P. In order to find out the reason behind, a 
subsequent experiment was conducted to examine whether ash sparking had taken place. 
Since volatilization temperatures of K, Ca and Mg are higher than 600。C (Bock 1979; 
Debano et al. 1998), any reductions of these elements in ash heated at 600°C are likely 
to indicate sparking loss during heating. However, none of the cations in ash decreased 
significantly when heated at 600°C for 15 minutes (Table 3.4). We therefore ruled out 
this possibility. Volatilization is another possible explanation. Although the volatilization 
temperature of inorganic P is 774°C, the temperature required to volatilize elements 
bound in organic compounds is lower than that in inorganic forms (Bock 1979). Under 
this consideration, substantial amounts of P can be lost even if the temperature is lower 
than 600°C. 
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Table 3.3 Total P and available P contents in the vegetation and ash 
Heating Total P Available P 
Treatment (kgha]) Loss (%) (kgha-】） 
Unheated ll.O'' ND ND 
vegetation (1.68) 
200。C 1 min 9.49'' 13.7 ^ 
(5.38) (0.03) 
200°C 5 min 9.32'' 15.3 0.52^' 
(2.47) (0.15) 
200°C 15 min 9.62" 12.5 0.48'^  
(5.22) (0.02) 
300°C 1 min 8.87^ 19.1 0.49' 
(1.67) (0.04) 
300°C 5 min 5.22' 52.5 0.29^ "= 
(2.26) (0.03) 
300°C 15 min 3.34' 69.6 0.19' 
(2.50) (0.13) 
400°C 1 min 4.78' 56.5 0.18' 
(3.01) (0.04) 
400°C 5 min 3.32' 69.8 0.24'^ 
(0.92) (0.02) 
400°C 15 min 2.75' 75.0 0.38' 
(1.29) (0.08) 
500°C 1 min 3.06' 72.2 0.38。 
(1.65) (0.09) 
500°C 5 min 2.70' 75.5 0.38。 
(1.12) (0.03) 
500°C 15 min 2.17' 80.3 0.60'^ 
(1.10) (0.05) 
600°C 1 min 2.48' 77.5 0.29 '^^  
(1.37) (0.04) 
600。C5min 2.52' 77.1 0.26'^ 
(1.45) (0.03) 
600°C 15 min 1.86' 83.1 0.32''' 
(1.24) (0.05) 
Values are means of 5 replicates. 
ND: Not determined. 
Values in parentheses represent standard deviations. 
Values for each column sharing the same letters are not significantly different (p<0.05) by 
the Duncan's Multiple Range Test. 
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Table 3.4 Total K, Ca and Mg contents in the vegetation and ash heated at 
600 °C for 15 minutes 
Ash heated 
Unheated vegetation at600°C 15 min. t-test 
Weight of ash/veg (g) 0 9 ND 
o/o of K in vegetation/ash 4.04 18.12 
Total K in sample (mg) 293.03 251.60 NS 
% of Ca in vegetation/ash 0.59 2.41 
Total Ca in sample (mg) 42.58 37.37 NS 
o/o of Mg in vegetation/ash 0.30 1.41 
Total Mg in sample (mg) 21.13 19.63 NS 
Values are means of 5 replicates. 
ND: Not determined. 
Values in parenthesis represent the standard deviation, 
t-test: *p<0.05; NS: not significant 
In much the same way as N, heating mineralized P in vegetation and this 
contributed to rises in available P. Available P ranged from 0.18 to 0.66 kg ha] in ash. It 
decreased with duration at 200° and 300°C, but increased at temperatures above 400*"C 
despite the amount was still lower than that found at 20(f C (Table 3.3). The reduction of 
available P at 200° and 300°C may be due to the formation of solid phosphates. Raison 
et al. (1985) note that P2O5 is the only product of heating P in excess oxygen condition, 
and P2O5 can fuse with basic oxides to form solid phosphates that are unavailable to 
plants. Therefore, although heating at 200。and 300°C mineralized P in grass, the content 
of available P declined with heating duration. At higher temperatures, since the ash pH 
was higher, the P formerly bound in Al complexes is released and this contributes to the 
increase of available P in ash (Ketterings et al. 2002). This finding agreed with Gimeno-
39 
Garcia et al (2000)，who find that available P increases with duration at temperatures 
above 400°C. 
3.3.4 Heating effect on available cations 
Heating mineralized cations in vegetation. Hence, available K，Na, Ca and Mg were 
detected in ash (Table 3.5 & 3.6). Despite this, the content of available cations decreased 
with heating temperature and duration. For example, in the ash heated at 200°C for 1 
minute, there were 11.6, 2.5，5.8 and 2.5 kg ha] of available K, Na, Ca and Mg in ash 
respectively, but the corresponding values in the ash heated at 600。C for 15 minutes 
were only 9.0，1.0，2.6 and 1.0 kg ha^ Besides, the mineralization rates (calculated by 
dividing the amount of available K, Na, Ca and Mg in ash by the total K, Na, Ca and Mg 
of the unheated vegetation) also tended to decrease with heating temperature. Heating 
the vegetation at 200T for 1 minute mineralized 8.9%, 34.2%, 30.5% and 25.9% of K, 
Na, Ca and Mg. In contrast, heating at 600°C for 15 minutes only mineralized 6.9%, 
14.2%. 14.0% and 10.6% of the elements. 
Since the volatilization temperatures of K, Na, Ca and Mg are 774°, 600。，1484® 
and 1107。C respectively (Bock 1979; Debano et al 1998)，no volatilization losses of the 
elements were expected. Why did available cations decrease with heating? Na can be 
volatilized at a temperature of 600°C (Bock 1979)，and this can partly explain the 
reduction of Na at 600®C. However, as available Na started to decline at 200°C, 
volatilization of Na cannot explain this phenomenon. Moreover, the disappearance of 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































be the sparking of ash during heating. Nonetheless, as previously mentioned, no 
sparking of ash had taken place. Since the previous two explanations are not likely to be 
the reason, the most likely explanation therefore was transformation of the cations into 
complex forms. During heating, cations might have been fixed with other elements, 
which became unextractable by 10% HCl. For instance, available Ca can form 
compounds with P at high pH conditions, thus reducing the content of it in ash (Debano 
and Klopatek 1988). 
Despite the fact that some nutrients are lost during heating, the available 
nutrients in ash can serve as a good nutrient supply for vegetation growth. What are the 
effects of ash accretion on soil properties? The effect of ash on soil and also its 
combined effect with heating are still not well understood. This will be examined in 
greater detail in the next chapter. 
3.4 Conclusion 
From findings of the present experiment, the following conclusions can be drawn: 
1. Ash weight decreased progressively with heating. When heated at 600。C for 15 
minutes, ash weight was reduced by 80% from 3,227 to 618 kg ha]. 
2. The pH of the ash ranged from 5.0 (200°C 1 minute) to 9.5 (600°C 15 minutes) 
amongst the samples. It increased with temperature and duration at temperatures of 
300°C or above. 
3. Both organic C and TKN decreased with heating temperature and duration. When 
the grass was heated at 600°C for 15 minutes, approximately 90% of organic C and 
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TKN were lost and their amounts in ash rendered to 202 and 4.8 kg ha"^  
respectively. 
4. Heating at 200°-600°C mineralized N in vegetation, as shown by the appearances of 
NH4-N and NO3-N in ash. NH4-N and NO3-N in ash increased with duration at 
200。C and 300。C and peaked at 0.32 kg ha"^  and 0.21 kg ha'^  respectively, when the 
vegetation was heated at 300°C for 5 minutes. At 500° and 600°C, they declined 
with heating duration and their lowest amounts appeared at 600°C for 15 minutes. 
In this sample, NH4-N and NO3-N in ash amounted to 0.11 and 0.09 kg ha'^  
respectively. 
5. TP decreased with heating temperature and duration from 300° to 600°C. It 
decreased from 11.0 kg ha'^  in the unhealed vegetation to 1.9 kg ha'' in the ash 
heated at 600°C for 15 minutes. 
6. Heating at 200°-60(fC mineralized P in vegetation. Available P ranged from 0.18 
(400°C for 1 minute) to 0.66 kg ha] (200°C for 1 minute) in ash. It decreased with 
duration when heated at 200"^  and 300°C. Beyond 300°C, available P gradually 
increased but was still lower than that of the ash heated at 200°C for 1 minute. 
7. Heating mineralized cations in vegetation, but the contents of available K, Na, Ca 
and Mg decreased with heating temperature. In the ash heated at 200° to 600°C, 
available K, Na, Ca and Mg ranged from 6.9 to 11.6 kg ha"', 1.0 to 2.5 kg ha\ 1.3 
to 5.8 kg ha'' and 1.0 to 2.5 kg ha"^  respectively. 
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CHAPTER FOUR 
THE EFFECT OF HEAT AND ASH ON SOIL 
4.1 Introduction 
It is found in Chapter 3 that ash properties varied at different heating intensities 
and durations. During the combustion process, heating transforms the nutrients in the 
vegetation to their mineral forms; therefore ash contains significant amounts of 
nutrients available to plants. Even without the addition of ash, heating itself can have 
an effect on soil. The effects of heat and ash on soil are examined in this chapter. 
Both beneficial and harmful effects of fire on soil characteristics and plant 
growth have been reported. Beneficial effects are often attributed to the increased 
availability of plant nutrients and the incorporation of these nutrients into soil. 
Harmful effects, on the other hand, are associated with a loss of organic matter and 
the transportation of nutrients in smoke (Khanna and Raison 1986). Indeed, fire 
affects the soil environment through heating and ash accretion. These two factors are 
concomitants in the field, making the identification of individual causes of changes 
in soil properties difficult (Giovannini and Lucchesi 1997). 
Since previous local studies of fire's effects have been conducted using a 
retrospective approach, the separate effects of heat and ash have not been 
investigated in Hong Kong. This chapter is therefore prompted by this knowledge 
gap. In this study, bare soils and vegetation-covered soils are subjected to heating at 
varied temperatures and durations to examine the single effect of heat and the 
combined effect of heat and ash. In addition, how ash affects soil properties is 
studied by comparing the results of the two sets of soil. 
Fire has a distinct effect on soil chemical properties and its fertility. The effect 
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of fire on soil differs with soil type and moisture content and also the fire duration 
and intensity (Chandler et al 1991). Soil pH usually increases after fire due to the 
destruction of soil organic matter (Forgeard and Frenot 1996) and the addition of 
alkaline salts from ash (Stromgaard 1992; Lessa et al 1996). However, decreases in 
soil pH are found in low intensity heating under simulated heating conditions (Sertsu 
and Sanchez 1978; Kwari and Batey 1991; Badia and Marti 2003) and these are 
probably attributed to the oxidation of elements, the dehydration of colloids and the 
consequent decrease of the buffer action (Giovannini et al. 1990). Indeed, the degree 
by which soil pH is altered depends on pre-fire vegetation conditions, fire intensity 
and study method (Chandler 1991). 
On the other hand, conflicting results have been reported regarding fire's effect 
on N. Soil N has been found to decrease due to volatilization (Chandler 1991; Ojima 
et al 1994; Badia and Marti 2003; Yang et al 2003). Nevertheless, with the 
incorporation of ash into soil, N in soil has been reported to increase (Stromgaard 
1992; Sanchez et al. 1994; Lessa et al. 1996). Giovannini and Lucchesi (1997) find 
that TKN is surprisingly constant as soil temperature increases. They wonder 
whether there is compensation between the decrease caused by volatilization and the 
increase derived from the deposited ash. Therefore, a study separating the effect of 
ash from heat is necessary to elucidate the problem. 
Along with the losses of N, mineralization of organic N raises the mineral N 
content in soil. Flushes of available N resulting from fire are widely reported (e.g. 
Walker et al. 1986; Hulbert 1988; Singh et al 1991; Badia and Marti 2003), but this 
mineral N will be lost when the heating temperature is sufficiently high. At 
temperatures of 200°C, ammonia in organo-clay complexes is volatilized and lost 
(Giovannini and Lucchesi 1997). At fire temperatures above 600。C, a complete 
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volatilization of NH4-N is expected (Romanya et al 2001). NO3-N concentration is 
also reported to have approached zero at temperatures higher than 300°C (Blank et al. 
1994). Indeed, the change in mineral N levels in soil depends on the heating 
intensity. 
P content in soil is generally not affected by fire (Franco-Vizcano and 
Sosa-Ramirez 1997; Jensen and Michelsen 2002). However, Chandler et al. (1991) 
find that significant quantities of P can be lost during fires and transported away as 
fine ash particles. On the other hand, ash can increase the quantity of P in soil. Due to 
the effect of ash accretion, soil P content at a burnt site increases by 1.4 times after 
burning (Singh et al. 1991). Increases in P are even more substantial after rainfall due 
to the leaching of P in ash to soil (Tomkins et al. 1991). 
In much the same way as N, organic P in soil and overlying vegetation is 
mineralized during heating, thus increasing the mineral P content of the soil. Hence, 
the concentration of available P is greater in heated soil than in the unheated soil 
(Sibanda and Young 1989; Kwari and Batey 1991; Stromgaard 1992; Badia and 
Marti 2003). The availability of P is further enhanced by the favourable soil 
environment after fire. Firstly, decrease in clay colloids and soil organic matter with 
heating reduces the adsorption sites of soil and hence enhances the availability of P 
(Chambers and Attiwill 1994; Adam et al. 1994). Secondly, under intense heating 
conditions, haematite is formed through the dehydration of iron oxide. It cannot be 
rehydrated and does not adsorb P. The formation of haematite may largely account 
for the immediate increase in available P (Chambers and Attiwill 1994). Moreover, 
the increase in pH after fire also favours the release of P from its complex with iron 
and aluminium (Stromgaard 1992). However, mineral P content is also reported to 
have declined in intense heating conditions due to its precipitation with Ca, which 
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occurs at elevated amounts in post-fire soil (Kang and Sajjapongse 1980; Giovannini 
et al. 1990; Blank et al 1994). 
The nutrient status of soil remains high after fire (Tomkins et al 1991)，and the 
nutrients are mainly attributed to input from the pyrolysis of vegetation and soil 
organic matter (Stromgaard 1992). Nevertheless, if there is no nutrient increase due 
to ash, the soil environment after fire is not preferable for plant growth. Reductions 
in cation exchange capacity are widely reported (Ewel et al 1981; Tomkins et al 
1991; Forgeard and Frenot 1996). For example, Kwari and Batey (1991) report the 
cation exchange capacity (CEC) of cultivated soil decreases after heating at 150° and 
250°C. Tomkins et al (1991) also find a 20 to 30% reduction in the CEC of top soil 
after a forest fire of 750°C. The causes for such a reduction include the aggregation 
of finer particles (Giovannini and Lucchesi 1997), the drying of colloidal particles 
(Sertsu and Sanchez 1978; Giovannini et al 1990) and the combustion of soil 
organic matter (Ewel et al 1981; Kwari and Batey 1991). 
The effects of fire have been extensively studied worldwide. In Hong Kong, the 
effects of fire on soil properties are reported by Yau (1996) and Marafa (1997), who 
find that fire reduces the SOM, TKN, total P and cation exchange capacity but 
increases the pH，mineral N and exchangeable K of soil (Marafa 1997). However, 
whether these effects are due to heating or ash additions is not addressed. From a 
review of the overseas literature, the results of previous research projects seem to be 
contradictory. Although Christensen (1987) asserts that many variations in the results 
reflect the actual range of potential fire effects, the conflict between the findings are 
mainly attributed to the variations in methodology and also the difficulty in 
separating the ash from soil in the field. The present study therefore uses a simulated 
approach to address this problem, and the effects of heat and ash are separately 
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analyzed. The results from this chapter will answer the following questions. 
1. What are the effects of heat and ash on soil acidity? 
2. How will soil organic matter change with the influence of heat and ash? 
3. How will heat and ash affect soil N? 
4. How will heat and ash affect soil P? 
5. What are the effects of heat and ash on soil cations? 
4.2 Methodology 
4.2.1 Field work 
In the study area, a 6m x 3m area was demarcated for soil collection. The 
overlying vegetation was clipped. To calculate the bulk density of soil, five sampling 
points were systematically selected at which soil was collected at 0-5cm depths. The 
soil was oven dried at 105。C for 48 hours, and the soil bulk density was calculated by 
averaging the weight of these soils. In the remaining areas, 0-5cm soil was collected 
with a trowel. The soil was returned to the laboratory, air dried and passed through 
2-mm mesh. The soil was then homogenized. 
4.2.2 Soil heating methods 
Soils were placed in 15cm x 15cm x 5cm trays made of aluminium foil. In each 
tray, 230 g of soil were added. Since soil is a poor conductor of heat and heating 
temperature reduced sharply with increasing soil depth (Ewel et al. 1981; Walker et 
al 1986; Chandler 1991)，the soil in each tray was evenly spread out to a thickness 
of 1 cm to ensure even heating. The amount of soil added was proportional to the 
bulk density of the study area. The soil samples were separately heated in a preheated 
muffle furnace at 200、300°, 400°, 500° and 600°C, each for 1，5 and 15 minutes. 
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There were five replicates for each heating treatment. After heating, the soil in each 
tray was thoroughly mixed and analyzed for pH, soil organic matter, TKN, mineral N 
(NH4-N, NO3-N), total P, mineral P (PO4-P) and exchangeable cations (K+, Na+，Ca杆， 
and Mg^). 
To investigate the effect of ash on soil, vegetation-covered soils were heated in 
the same way as the bare soil. Through comparing the nutrient contents in the bare 
and vegetation-covered soils, the ash effect can be differentiated. The 
vegetation-covered soils, which were composed of 230 g of soil and covered with 7.3 
g of vegetation, were separately heated at 200°, 300°, 400。，500° and 600°C, each for 
1, 5 and 15 minutes. The amount of vegetation added was equivalent to the standing 
biomass of the study area. There were five replicates for each heating treatment. Due 
to the difficulty in separating the ash from the soil, the soil and the overlying ash was 
thoroughly mixed for chemical analysis. The mixtures were analyzed for pH, soil 
organic matter (SOM)，TKN, mineral N (NH4-N, NO3-N), total P, mineral P (PO4-P) 
and exchangeable cations (K+, Na+，Ca"^, and Mg^). There was no sieving of the 
soils before chemical analyis of the soil because the process would remove part of 
the ash from the vegetation-covered soils. Furthermore, the samples were too wet to 
sieve under the optimal moisture condition. The use of 2 mm fraction soil in the 
chemical analysis would undoubtedly underestimate SOM, TKN, TP, mineral N and 
P in soil. Nevertheless, it is a technical problem of this study. Detailed procedures for 
the chemical analysis of the soil were as follows. 
4.2.3 Chemical Analyses 
m 
Soil pH was measured using the glass electrode method with an Orion 
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Expandable Ion Analyzer (Maclean et al 1983). 10 g of 2 mm air-dried soil were 
mixed with 25ml of distilled water. The mixture was shaken for 10 minutes and 
allowed to stand for 30 minutes until the suspension was settled. The supernatant was 
then measured for pH. 
Soil organic matter 
Soil organic matter is an important constituent of soil and is an index of the 
fertility index of soil. It was determined using the Walkley-Black partial oxidation 
method (Walkley and Black 1934). Potassium dichromate and concentrated sulphuric 
acid were used to oxidize the organic carbon contained in 1 g of 0.25 mm air dried 
soil. Distilled water was then added, and organic carbon content was determined by 
titration with ferrous sulphate heptahydrate using 0-Phenanthroline-ferrous complex 
as an indicator. SOM content was estimated by multiplying the organic carbon 
content by a factor of 1.724 (Chaney and Swift 1984). 
Total Kjeldahl Nitrogen 
TKN is an essential macronutrient for plants. The Kjeldahl digestion method 
was used in the determination of total nitrogen (Bremner and Mulveney 1982). 1 g of 
0.25 mm air-dried soil was digested in sulphuric acid in a Tecator DS20 digester 
block with additions of copper sulphate as catalyst and potassium sulphate to raise 
the boiling point. Free ammonia was liberated from the digest by steam distillation in 
the presence of excess alkali with the use of a Tecator Kjeltec 1026 distillation unit. 
The distillate was collected in a receiver containing excess boric acid and determined 
titrimetrically using 0.02M hydrochloric acid. 
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Mineral Nitrogen (NH4-N and NO^-N^ 
Ammonium nitrogen and nitrate nitrogen were determined colorimetrically in 
accordance with the procedures recommended by Anderson and Ingram (1989). 10 g 
of 2 mm fresh soil were extracted with 2 M potassium chloride. After shaking for an 
hour, the extract was filtered through Whatman 44 filter paper. The filtrate was 
determined colorimetically using Flow Injection Analysis (FIA). 
For the determination of NH4-N, the filtrates were injected into a carrier stream 
of 2 M potassium chloride, which was then mixed with 0.1 M sodium hydroxide, and 
the joint stream was passed along a membrane in a gas diffusion cell. The ammonia 
gas was diffused through the membrane into a stream of ammonia indicator solution. 
NH4-N was detected colorimetrically at a wavelength of 590 nm (Tecator 1984a). 
For the determination of NO3-N，the filtrates were injected into a carrier stream 
of 0.1 M ammonium chloride dissolved in 2 M potassium chloride. The nitrate was 
reduced to nitrite in a cadmium reductor. With the addition of acidic sulphanilamide 
and N-( 1 -Naphty 1 )-ethylenediamine dihydrochloride from the merging streams, 
NO3-N was detected colorimetrically at a wavelength of 540nm (Tecator 1984b). 
Total Phosphorus (TP) 
0.5 g of 0.25 mm air-dried soil were digested in mixed acids of perchloric acid, 
nitric acid and sulphuric acid at a ratio of 1:5:0.5 and made up to 50ml (Allen 1989). 
The filtrates were subjected to testing using the molybdenum blue method with 
stannous chloride as the reducing agent through flow injection analysis. Absorbance 
was measured at a wavelength of 690nm. 
Mineral Phosphorus (POa-P) 
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Mineral phosphorus was determined through the molybdenum blue method 
(Black 1983). 5 g of fresh 2mm soil were extracted with 50 ml 1 M of ammonium 
lactate. After shaking for 90 minutes, the extract was filtered through Whatman 44 
filter paper. The filtrate was then used for the determination of available phosphorus 
using stannous chloride as reducing agent through flow injection analysis. 
Absorbance was read at a wavelength of 690nm. 
Exchangeable K, Na, Ca and Mg 
5 g of 2mm air-dried soil were extracted with 100 ml of IM ammonium acetate 
at pH 7 for the determination of exchangeable K, Na, Ca and Mg (Allen 1989). After 
shaking for one hour, the extract was filtered through Whatman 44 filter paper. The 
filtrate was then analyzed for exchangeable K, Na, Ca and Mg by use of the Van an 
Spectr AA-300 Atomic Absorption Spectrophotometer. 
4.2.4 Statistical Analysis 
Statistical analysis was performed with the statistical package SPSS (for 
Windows). All chemical results were expressed as the mean of five replicates. 
ANOVA (Duncan's Multiple Range Test) was used to test the difference of each 
parameter between the soil samples undergoing varied heating treatments. Students' 
t-tests were used to examine the difference between the bare soil and the 
vegetation-covered soils. The significance level of all the tests was set at p<0.05. 
Since the sample size was small (n=5), power analysis was also carried out to 
examine the type II error when there was no significant difference between sample 
groups. A power of 0.8 is generally considered acceptable (Cohen 1988) and tests 
having powers lower than 0.8 are stated in the tables. 
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4.3 Results and Discussion 
4.3.1 The effect of heat and ash on soil pH 
The pH of the bare soil declined with heating duration at 200° and 300。C. The 
pH decreased by 0.6 units to 4.0 after heating at 300°C for 15 minutes. Heating the 
soil at temperatures above 400°C，however, added to the alkalinity of the soil. The 
highest pH value appeared in the soil heated at 600°C for 15 minutes. In that sample, 
the pH increased by 0.5 to 5.1 units (Table 4.1). 
Most studies note an increase in pH after fire or heating (Khanna and Raison 
1986; Baath et al 1994; Tomkins et al 1991). The present findings suggest that low 
intensity heating decreases soil pH while high intensity heating increases the soil's 
alkalinity. Similar findings are reported by Giovannini et al (1990). In their study, 
soil is heated at varied temperatures in a furnace. The soil pH is found to decrease by 
0.6 units at 220°C, but it increases by 4 to 5 units at 700° to 900°C. Badia and Marti 
(2003) also report a 0.6 unit decrease of soil pH at 250。C but a 1 unit increase of pH 
at 500°C. They attribute the decrease in pH at low temperatures to the dehydration of 
colloids, the combustion of organic material and the lowering of the buffering 
capacity of soil. In addition, the decrease may also have resulted from the release of 
exchangeable Al from organic matter during the decomposition process (Sertsu and 
Sanchez 1978; Kwari and Batey 1991). The increase in soil pH at high temperatures, 
on the other hand, is resulted from the cations released during the combustion of 
organic matter (Chandler et al 1983)，and the loss of OH" groups from the 
denaturing of clay minerals (Giovannini and Lucchesi 1997). As a result of various 
factors, an increase in soil pH was found at temperatures above 400°C, though the 
soil remained acidic. 
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Table 4.1 pH and organic matter content of the bare and vegetation-covered 
soils 
” H e a t i n g , P^ , 丨 _ % ) 二 
treatment Bare soil Vegetatum Bare soil Vegetation 
-covered soil -covered soil 
Unheated 4.59''' 4.31® • • 5.52^ 5.69'^ ® NS^ 
(0.04) (0.12) (0.38) (0.20) 
200°C Imin 4.65'^ ^ 4.26''' • • • 5.4(/ 5.72'^ '^  NS^ 
(0.05) (0.02) (0.13) (0.27) 
200。C 5min 4.53" 4.29' *** 5.45^ 5.45'''=^  NS^ 
(0.02) (0.02) (0.27) (0.58) 
200。C 15min 4.20*' 5.22^ 5.81^ ® NS^ 
(0.04) (0.05) (0.13) (0.83) 
300。C Imin 4.59'^ ' 4.29' *** 5.40^ 5.69''® NS^ 
(0.02) (0.01) (0.10) (0.66) 
300°C 5min 4.23& 4.12' 5.38^ NS^ 
(0.04) (0.01) (0.44) (0.47) 
300°C 15min 4.02' 3.92' * 4.53® 5.03'' * 
(0.08) (0.04) (0.46) (0.28) 
400°C Imin 4.57'' 4.24'''= 5.48'" 5 . 1 7 ~ * ~ 
(0.04) (0.01) (0.36) (0.16) 
400°C 5min 4.03® 4.00''' NS^ 5.29^ 5.29''®^  NS^ 
(0.03) (0.02) (0.79) (0.24) 
400°C 15min 4.6产 4.53'' NS。 3.52'^  3.57b nS^ 
(0.06) (0.09) (0.85) (0.52) 
500°C Imin 4.28& 4.14"^ • • • 5.34^ 6.07® 
(0.04) (0.02) (0.41) (0.36) 
500。C Smin 4.34。 4.13。 • • 4.52' 4.48' NS。 
(0.08) (0.04) (0.87) (0.44) 
500°C ISmin 4.76^ 4.91^ NS。 2.52^ 3.26'^ ** 
(0.35) (0.03) (1.29) (0.14) 
600°C Imin 4.16*' 4.15"' NS。 5.40^ 5.43'''^  NS^ 
(0.03) (0.02) (1.07) (0.17) 
600°C Smin 4.72'^ 4.64^ NS^ 3.07。 3.47 '^ * 
(0.06) (0.15) (0.57) (0.21) 
600°C 15min 5.10® 5.35卜 NS® 1.74' 2.91' *** 
(0.09) (0.23) (0.75) (0.18) 
Values are means of 5 replicates. 
Values in parentheses represent standard deviation. 
Values within columns showing the same letters are not significantly different according to the 
Duncan's Multiple Range Test (p<0.05). 
t-test significance level between bare and vegetation covered soil: *p<0.05; **p<0.01; 
•••p<0.001;NS: Not significant. 
Powers of the tests are unless otherwise specified, Apower=0.6-0.8; ®power=0.4-0.6; 
epowerOA 
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The pattern of pH in vegetation-covered soil was very similar to that of the bare 
soil. It decreased at 200° and 300°C and then increased above 300°C. The lowest 
value of pH was observed in the sample heated at 300°C for 15 minutes. In that 
sample, the soil pH decreased by 0.4 units to 3.9. It rose sharply at temperatures 
above 300°C and finally peaked at 5.4 when heated at 60(fC for 15 minutes (Table 
4.1). Although the trend of pH of the vegetation-covered soil was similar to that of 
the bare soil, the high contents of cations in the ash raised the soil pH in the 
vegetation-covered soil. Hence, when the soils were heated at 300°C for 15 minutes, 
the pH of the vegetation-covered soil only decreased by 0.4 units, compared to that 
of 0.6 units in the bare soil. Also, when the soils were heated at 600°C for 15 minutes， 
the increase in pH of vegetation-covered soil was higher than that of bare soil (a 1 
unit increase in vegetation-covered soil compared to a 0.6 unit increase in bare soil). 
4.3.2 The effect of heat and ash on soil organic matter, N and P 
Soil organic matter (SOM) of bare soil decreased progressively at temperatures 
from 300。to 600°C. When the soil was heated at 600°C for 15 minutes, SOM content 
decreased by 68% to 1.7% (Table 4.1). Giovannini et al. (1990) also have similar 
finding that SOM decreased with heating temperature, and complete combustion of 
organic matter occurred when the soil was heated at 460°C. Although the pattern of 
our findings is similar to theirs, our results differed in the way that the magnitude of 
SOM reduction was much smaller, and also the SOM content in this study continued 
to decline at temperatures higher than 400°C. This was probably due to the shorter 
heating duration and the thicker depth of soil samples in this study. 
SOM in vegetation-covered soil decreased continuously upon heating from 300° 
to 600°C. The reduction was most pronounced at 400°C, and the SOM decreased 
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from 5.7% to 3.6% when heated at 400°C for 15 minutes. SOM continued to 
decrease with heating temperature and was reduced by 49% to 2.9% when the soil 
was heated at 600°C for 15 minutes. Comparing the concentrations of the SOM 
between the bare soils and the vegetation-covered soils undergoing the same heating 
treatment, the SOM content in the latter was higher than that of the former. For the 
samples heated at 600°C for 15 minutes, the SOM content of the vegetation-covered 
soil was higher than that of the bare soil by 67% (Table 4.1). Indeed, increases in 
SOM after fire are reported due to charcoal accumulation or organic particles washed 
in from the ash (Stromgaard 1992, Sanchez et al 1994, Martinez-Fernandez and 
Diaz-Pereira 1994). Hence, ash contributes to the soil organic matter content in the 
soil. 
Similar to SOM, total Kjeldhal nitrogen (TKN) in bare soil also decreased with 
heating temperatures and duration. However, the reduction was only significant at 
temperatures above 400°C. When the soil was heated at 600°C for 15 minutes, 
approximately 46% of the TKN in the soil was lost and the concentration became 
0.15% (Table 4.2). Indeed, volatilization of N is widely reported (Hulbert 1988; 
Adam et al 1994; Ojima et al 1994). Sertsu and Sanchez (1978) subject Ultisol and 
Vertisol to heating at temperatures from 100° to 600°C for 48 hours and find that 
40% of soil N is lost at 400°C. Giovannini et al. (1990) subject alluvial soils to 
heating at temperatures from 25° to 900°C for 1 hour and report that TKN decreases 
slightly until 220°C and a very pronounced decrease corresponds with the 
combustion of the SOM at higher temperatures. The reduction of TKN in our 
findings was much smaller than their result, and this was mainly due to the shorter 
heating duration in our study. 
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Table 4.2 TKN, NH4-N and NO3-N contents in the bare and vegetation-covered soil 
TKN(%) NH4-N(mgkg-') NO3-N(mgkg') _ 
Heating Vegetation „ Vegetation „ Vegetation 
trMtrrvnt Bare J Bare , Bare , 
ireaimem -covered t-test -covered t-test -covered t-test 
soil soil soil 
^ ^ ^n 
Unhealed 0.28^ O.lT NS*^  12.56' 33.28' 0.00' 0.00' ND 
(0.02) (0.04) (1.05) (8.64) (0.00) (0.00) 
200°C Imin 0.28'' O.lT NS^ 14.04''' 32.00"^ NS® 0.00® 0.00' ND 
(0.01) (0.04) (2.13) (18.69) (0.00) (0.00) 
200°C 5min 0.28^ 0.26' • 12.43' 29.57^' * 0.00' 0.00' ND 
(0.01) (0.01) (0.59) (13.34) (0.00) (0.00) 
200°C 15min 0.27" 0.27" NS^ 13.32' 23.09"^ 0.00' 0.00' ND 
(0.01) (0.01) (1.74) (2.14) (0.00) (0.00) 
300。C Imin 0.28'^  0.28' NS^ 12.0” 20.57''' •** 0.00' 0.00' ND 
(0.01) (0.04) (1.05) (1.53) (0.00) (0.00) 
300°C 5min 0.28'' 0.26' NS^ 12.65' 21.42''' *** 0.00' 0.00' ND 
(0.00) (0.02) (0.38) (0.71) (0.00) (0.00) 
300°C 15min 0.27'^  0.26' NS。 73.30^ 64.55® 0.00' 0.00' ND 
(0.00) (0.01) (4.20) (2.39) (0.00) (0.00) 
400°C Imin 0.28" 0.27" NS^ 11.96' 19.49' *** 0.00' 0.00' ND 
(0.02) (0.02) (0.42) (0.72) (0.00) (0.00) 
400°C 5min 0.27" 0.25' NS^ 36.46^ 32.76& NS^ 0.00' 0.00' ND 
(0.01) (0.03) (5.70) (3.61) (0.00) (0.00) 
400°C 15min 0.24。 0.26。 NS^ 61.50/ 58.26^ *^  NS^ 0.00' 0.00' ND 
(0.02) (0.02) (3.55) (2.84) (0.00) (0.00) 
500。C Imin 0.27'' 0.26' NS。 17.97" 23.60''^ 0.00' 0.00' ND 
(0.01) (0.02) (0.72) (1.51) (0.00) (0.00) 
500°C 5min 0.27^ 0.25。 NS。 59.00'" 51.46'" » 0.00' 0.00' ND 
(0.02) (0.01) (3.82) (6.18) (0.00) (0.00) 
500°C 15min 0.20" 0.20" NS。 29.25' 34.53' * 0.00' ND 
(0.02) (0.02) (3.28) (2.46) (0.00) (0.43) 
600°C Imin 0.27'' 0.26' NS^ 34.IS'' 30.07^' NS^ 0.00' 0.12'^  NS^ 
(0.01) (0.01) (4.31) (2.10) (0.00) (0.26) 
600°C 5min 0.21*' 0.22'' NS。 45.66' 57.80''® 0.00' 0.23''' NS^ 
(0.02) (0.05) (6.55) (4.55) (0.00) (0.51) 
600°C 15min 0.15' 0.16' NS^ 15.32'" 19.66' NS® 0.00' 0.50。 * 
(0.01) (0.00) (3.28) (2.96) (0.00) (0.43) 
Values are means of 5 replicates. 
ND: Not determined. 
Values in parentheses represent standard deviation. 
Values within columns showing the same letters are not significantly different according to the Duncan's 
Multiple Range Test (p<0.05). 
t-test significance level between bare and vegetation covered soil: *p<0.05; ••p<0.01; ***p<0.001; NS: Not 
significant. 
Powers of the tests are >0.8 unless otherwise specified, ^ power=0.6-0.8; ®power=0.4-0.6; ^ power<0.4. 
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A progressive reduction of TKN with heating was noted in the 
vegetation-covered soil. 40% of TKN was lost and the TKN content became 0.16% 
when the soil was heated at 600°C for 15 minutes. Comparing the concentrations of 
TKN between the vegetation-covered soils and the bare soils, the differences 
between the two sets of soil were generally insignificant (Table 4.2). This result is 
not surprising with regard to the low amount of N in ash. The N content in the ash 
heated at 600°C for 15 minutes in each sample was only 0.01 g, while the amount of 
N in each soil sample was 1.8 g. Hence, the effect of ash accretion on soil N was 
generally insignificant. In short, even with the supply of N from ash, the soil N 
content in soil after heating at 600°C was low (0.16%) and this would probably 
hinder vegetation growth during the restoration process. 
Heating mineralized soil organic N; NH4-N increased significantly at 300°C. 
When the soil was heated at 300°C for 15 minutes, the NH4-N content increased by 
six times and reached its peak of 73.3 mg kg]. It continued to increase with heating 
duration until 400。C. At 50(f and 600。C, NH4-N declined, but the amounts were still 
higher than that of the unheated soil (Table 4.2). Flushes of NH4-N after heating are 
extensively reported (Dunn et al. 1979; Sanchez et al. 1994; Choromanska and 
Deluce 2001; Badia and Marti 2003). Kovacic et al (1986) find that the 
concentration of soil NH4-N after forest fires is significantly greater than pre-bum 
levels, and they attributed this to the physicochemical release of ammonia from soil 
organo-clay complexes and organic matter. Romanya et al (2001) report an increase 
in NH4-N content in grassland soil after fire, and the increase is higher with greater 
fire severity. Although heating mobilizes organic N to its available form, NH4-N 
started to volatilize at 400。C. Similar finding is reported by Kutiel and Shaviv (1989), 
who find a complete volatilization of NH4-N at temperatures of 600°C. However, 
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since the heating duration of this study is shorter, a complete volatilization of NH4-N 
was not recorded in this study. 
Parallel to the bare soil, the NH4-N in vegetation-covered soil increased until 
400°C, and it decreased at higher temperatures. The highest value was recorded in 
the soil heated at 300°C for 15 minutes. In that sample, the NH4-N concentration 
increased by twofold to 64.6 mg kg'、On the other hand, it was found that the 
concentrations of NH4-N in the vegetation-covered soils were mostly higher than that 
in the bare soils (Table 4.2). The ash effect on soil NH4-N is also noted by Sanchez et 
al. (1994). In their study, fire is found to have mobilized the organic N in the 
vegetation to a soluble fraction and this adds to the mineral N content in soil. 
NO3-N was barely detectable in the bare soil. In contrast to the bare soil, some 
NO3-N was found in the vegetation-covered soil upon heating at 500°C for 15 
minutes and 600°C (Table 4.2). Since no NO3-N was detected in the bare soil, the 
rise of NO3-N in the vegetation-covered soil must be due to the effect of ash 
additions. In the study of Dunn and Debano (1977), complete volatilization of 
NO3-N is reported at 500°C. However, this phenomenon did not appear in our study 
because the soil depth is thicker in this study. Since soil is a poor conductor of heat, 
the temperature of the soil may not have reached 500°C even if the furnace 
temperature attained that temperature. In contrast, we noted an increase of NO3-N in 
the vegetation-covered soil heated at temperatures above 500°C, and this agrees 
reasonably well with the study carried out by Romanya et al (2001), who find that 
ash has contributed to the NO3-N level of soil. 
Total P in the bare soil did not change significantly after heating. This was due 
to the high volatilization temperature of P, which is 774。C (Raison 1985) (Table 4.3). 
Similar findings are also reported by Franco-Vizcaino and Sosa-Ramirez (1997) and 
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Table 4.3 Total P and PO4-P contents in the bare and vegetation-covered soils 
TP (mg kg'') P04-P(mgkg'') 
Heating Vegetation Vegetation 
treatment Bare soil -covered t-test Bare soil -covered t-test 
soil soil 
Unheated 49^0^ * 0.54咖 120^ ^ ~ 
(2.11) (6.66) (0.20) (0.44) 
“200°C Imin 48!? 543^ • 0.6/"" 126^ ^ ~ 
(3.52) (4.23) (0.16) (0.62) 
200°C 5min 48.9^ 54.9*^  NS^ 0.15^ 2.34"'' *** 
(1.87) (7.17) (0.18) (0.31) 
200°C 15min 49.8^ 54.7*^  * O.OO" 1.59' *** 
(2.19) (3.10) (0.00) (0.41) 
300°C Imin 557 i l P NS^ 048^ ^ 
(4.41) (3.02) (0.06) (1.21) 
300°C 5min 47.4拟 54.8& NS® 0.29此 1.40' * 
(1.61) (7.59) (0.39) (0.64) 
300°C 15min 46.9"^ '" 53.4& NS® 8.56' 9.89^ NS® 
(4.72) (4.79) (0.97) (0.86) 
400°C Imin 414^ 4 9 ! ^ NS^ a 9 p 2A0' ^~ 
(2.31) (9.56) (1.18) (0.43) 
400°C 5min 44.2^^ 54.0& NS® 2.07^ 3.56。 * 
(1.83) (10.86) (0.58) (1.11) 
400°C ISmin 45.4她 53.3& • 7.66^ 9.02® *** 
(1.79) (6.62) (0.32) (0.41) 
“500°C Imin SsiF ^ 038^ L3? ^ ~ 
(1.12) (5.44) (0.21) (0.52) 
500°C 5min 46.0她f 53.8*^  NS。 6.70® 6.22' NS。 
(1.97) (8.46) (0.91) (1.77) 
500。C 15min 46.7 她 55.0^ ** 4.23® 5.72 也 ** 
(2.98) (3.36) (0.54) (0.51) 
600。C Imin 4 3 ^ 58.3& ^ LO? L8? ^ ~ 
(1.96) (3.91) (0.20) (0.28) 
600°C 5min 44.1 虹 59.3' ** 5.84^  7.96^  ** 
(2.29) (5.68) (0.49) (0.88) 
600°C 15min 49.0'^  * 3.93® 5.06'' *** 
(2.10) (5.40) (0.10) (0.22) 
Values are means of 5 replicates. 
Values in parentheses represent standard deviation. 
Values within columns showing the same letters are not significantly different according to the Duncan's 
Multiple Range Test (p<0.05). 
t-test significance level between bare and vegetation covered soil: •p<0.05; •*p<0.01; ••*p<0.001; NS: 
Not significant. 
Powers of the tests are >0.8 unless otherwise specified, '^ power=0.6-0.8; ®powei=0.4-0.6; ^ power<0.4. 
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Jensen and Michelsen (2001). In their studies, no significant differences are found in 
total P content between burned and unbumed soil. 
In much the same way as that of the bare soil, the total P content in the 
vegetation-covered soils generally did not change after heating. On the other hand, 
ash was found to have augmented the total P content of the vegetation-covered soil 
(Table 4.3). The values of total P in the vegetation-covered soils were all higher than 
that in the bare soils. Lessa et al (1996) note the ash produced after slash burning 
contributed about 12 kg ha'^  of P to soil. Increase in total P is also reported in the 
study of Tomkins et al (1991) due to leaching of Pin ash to soil. In short, significant 
amounts of P can be added to soil through ash deposits. 
With the effect of heating, PO4-P started to increase at 300°C. When the soil was 
heated at 300。C for 15 minutes, PO4-P rose considerably by 16 times and reached its 
peak of 8.6 mg kg\ PO4-P continued to increase with heating duration until 400°C, 
and beyond this temperature, it started to decline (Table 4.3). The initial decrease of 
PO4-P may have been due to the increased sorption of P on newly exposed Fe and Al 
oxyhydroxy sites (Blank et al. 1994). The rise of PO4-P at 300° and 400°C can be 
attributed to the mineralization of soil organic P and also to the rise of pH, which 
frees the P formerly bound by aluminum complexes (Rouw 1994). The loss of it at 
500° and 600°C, however, may be due to the formation of calcium phosphate 
(Giovannini et al. 1990). In addition, decrease in dissolved organic carbon due to 
heat exposure would also lead to an increase in P sorption as organic acids no longer 
compete with P for sorption site. This may have reduced the amount of PO4-P 
extracted from soil (Sibanda and Young 1989; Ketterings et al 2000). 
The pattern of PO4-P in the vegetation-covered soil was very similar to that of 
the bare soil. It increased at 300° and 400°C. However, when the soil was heated at 
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500° and 600°C, PO4-P decreased considerably. Ash contributed much phosphorus to 
soil, and thus the values of PO4-P in the vegetation-covered soils were found to be 
higher than that in the bare soils (Table 4.3). Similar findings are reported by Kwari 
and Batey (1991), who also attribute this to an increase in PO4-P to ash deposition. 
4.3.3 The effect of heat and ash on soil cations 
Exchangeable K, Ca and Mg in the bare soil increased with heating duration at 
200°C but decreased at higher temperatures (Table 4.4 and 4.5). In the soil heated at 
200°C for 15 minutes, exchangeable K, Ca and Mg increased by 50%, 54% and 16% 
to 0.24, 0.37 and 0.14 cmol kg"^  respectively. Despite the initial increases in the 
elements' contents, they all appeared to decrease with heating at temperatures higher 
than 200°C. When the soil was heated at 600°C for 15 minutes, exchangeable K, Ca 
and Mg decreased by 43%, 41% and 14% and reached their lowest levels of 0.09, 
0.14, 0.09 cmol kg"' respectively. 
Unlike other exchangeable cations, exchangeable Na started to decline at 200°C 
(Table 4.4). As the adsorption strength of Na in soil is smaller than other 
exchangeable cations (Brady and Weil 1999), exchangeable Na is easier to be 
replaced by other exchangeable cations when cations adsorption sites in soil are 
limited. This explained why only exchangeable Na decreased at 200°C. 
Exchangeable Na declined with heating from 200® to 600°C and it decreased by 60% 
to its lowest level of 0.06 cmol kg"' at 600°C for 15 minutes. Similar findings are 
reported by Giovannini et al (1990), who find that water-extractable Na in soil 
decreases at temperatures above 220°C. They ascribed this to the aggregation of clay 
particles. 
62 
Table 4.4 Exchangeable K and Na contents in the bare and vegetation-covered soil 
Exchangeable K (cmol kg"') Exchangeable Na (cmol kg'') 
Heating Vegetation Vegetation 
treatment Bare soil -covered t-test Bare soil -covered t-test 
soil soil 
Unbumt 0.16。 ND ND 0.14— nD ND 
(0.01) (0.07) 
200°C Imin OJ?'*^ 0.13^^ NS® 
(0.01) (0.04) (0.09) (0.03) 
200°C 5min 0.16^ *** 0.09' 0.1?'^ * 
(0.01) (0.05) (0.05) (0.06) 
200°C ISmin 0.24® 0.38— • 0.06' 0.15' * 
(0.02) (0.10) (0.01) (0.06) 
300°C Imin 0.19^ 0.39— •• 0.1 产 0 .27^ ' NS^ 
(0.01) (0.11) (0.07) (0.12) 
300°C 5min 0.18^  0.4?'^  *** 0.14卜"^  NS® 
(0.01) (0.09) (0.03) (0.06) 
300°C 15min 0.12^ 0.44"^  ** 
(0.01) (0.06) (0.04) (0.04) 
400°C Imin O.IS"^ ^ 0.19匕"^  ** 
(0.01) (0.07) (0.05) (0.02) 
400t 5min 0.12'^ ^ 触 *** 0.14— 0.3 产、 * 
(0.01) (0.06) (0.06) (0.13) 
400。C 15min 0.11^ *** 0 . 1 0 . 3 3 ^ ^ * 
(0.00) (0.02) (0.12) (0.11) 
500°C Imin O.IS'^ " 0.21"^  0.32'^ '^  * 
(0.00) (0.06) (0.05) (0.08) 
500。C5min 0.11^ 0.32^ *** 0.1 l^ b * * 
(0.00) (0.06) (0.05) (0.09) 
500°。15min 0.12^ ** O.IO'' 0.37^  *** 
(0.01) (0.03) (0.02) (0.03) 
600°。Imin 0.14。4 0.44"^  0.22^ ^ 0.37^  * 
(0.01) (0.05) (0.08) (0.06) 
600°C 5min 0.13& 0.11 '^' 0.37^  *** 
(0.03) (0.01) (0.04) (0.08) 
600。C 15min 0.09^ 0.34^^  *** 0.06^ 0.36^  *** 
(0.01) (0.04) (0.05) (0.04) 
Values are means of five replicates 
ND: Not determined. 
Values in parentheses represent standard deviation. 
Values within columns showing the same letters are not significantly diffemet according to the Duncan's 
Multiple Range Test (p<0.05). 
t-test significance level between bare and vegetation covered soil: *p<0.05; **p<0.01; ***p<0.001; NS: Not 
significant. 
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Table 4.5 Exchangeable Ca and Mg contents in the bare and vegetation-covered soils 
Exchangeable Ca (cmol kg"') Exchangeable Mg (cmol kg"') 
Heating Vegetation Vegetation 
treatment Bare soil -covered t-test Bare soil -covered t-test 
soi] soi] 
Unbumt ND m 0.12。。 ND N D ~ 
(0.05) (0.0?) 
200。C Imin 0.34^ 0.5 广 ^ 0.13。^  0 . 2 8 咖 ^ ~ 
(0.03) (0.08) (0.00) (0.05) 
200°C 5min 0.34^ 0 .49。 *** 0.14^ ® Ois""^ *** 
(0.02) (0.04) (0.00) (0.03) 
200°C 15min 0.37卜 O.s'^ '^ ^ * 0.14^^ 0.27 ® ** 
(0.01) (0.09) (0.01) (0.05) 
~300°C Imin 0.32^^ ^ 0.13 0.27 ^ 
(0.01) (0.08) (0.00) (0.07) 
300°C 5min 0.32^ ®^ 0.52。 0.14^ 0.33 *** 
(0.03) (0.06) (0.01) (0.05) 
300°C 15min 0.45&de • • • 0.13^^  0.26'"^  *** 
(O.Oy (0.03) (0.01) (0.02) 
(0.02) (0.10) (0.01) (0.04) 
400°C 5min 0.37^ * 0.14^ ® 0.28。而 *** 
(0.03) (0.08) (0.01) (0.03) 
400°C 15min 0.37^ * 0.11。 0.19' *** 
(0.02) (0.08) (0.0 n 
~500 °C Imin 0.29。如 H ? ^ ^ 0 . 1 0 3 0 ^ ^ “ 
(0.02) (0.04) (0.01) (0.03) 
500°C 5min 0.25*^ 0.23' NS。 0.12^ 0.19' *** 
(0.01) (0.04) (0.00) (0.02) 
500°C 15min 0.24^ 0 . 5 * * * 0.09' 0 . 2 * * * 
(0.02) (0.03) (0.00) (0.01) 
6001 Imin o l F 0.44— ^ ~ 0.15^  0.2?' ' ^ “ 
(0.01) (0.06) (0.01) (0.02) 
600°C 5min 0.27匕。3 0.4产 *** 0.10^ *** 
(0.03) (0.03) (0.01) (0.01) 
600°C 15min 0.14^ 0.09' 0.24^ '^  *** 
(0.02) (0.08) (0.00) (0.03) 
ND: Not determined. 
Values in parentheses represent standard deviation. 
Values within columns showing the same letters are not significantly differnet according to the Duncan's 
Multiple Range Test (p<0.05). 
t-test significance level between bare and vegetation covered soil: *p<0.05; **p<0.01; ***p<0.001; NS: 
Not significant. 
Powers of the tests are >0.8 unless otherwise specified. A: power=0,6-0.8; B: power=0.4-0.6; C: 
power<0.4. 
Values are means of 5 replicates. 
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In contrast to the bare soil, exchangeable cations in the vegetation-covered soil 
did not follow a specific pattern. Exchangeable K, Na, Ca and Mg ranged from 
0.32.0.47，0.15-0.36, 0.23-0.53 and 0.19-0.33 cmol kg"^  respectively in the 
vegetation-covered soil, which are much higher than that in the bare soil. In the most 
extreme cases at 600。C for 15 minutes, the contents of exchangeable K, Na, Ca and 
Mg in vegetation-covered soil were greater than the bare soil by 2.7, 5, 2.2 and 1.6 
times respectively. Similar findings are reported by Sanchez et al. (1994), 
Martinez-Fernandez and Diaz-Pereira (1994), Lessa et al. (1996) and Khanna et al. 
(1996). In their studies, the exchangeable cations in post-fire soil were much higher 
than the unbumt soil, and they atributed this to the contribution of cations by ash. 
4.4 Conclusion 
From the result of this study, the following conclusions can be drawn: 
1. The pH of the bare soil and the vegetation-covered soil both decreased at 200° 
and 300。C and increased at higher temperatures. The pH peaked when the soils 
were heated at 600°C for 15 minutes. The pH of the bare soil increased by 0.5 to 
5.1 units, and the vegetation-covered soil increased by 1 to 5.4 units when the 
soil was heated at 600°C for 15 minutes. 
2. The SOM content of the bare soil and the vegetation-covered soil decreased 
progressively at temperatures from 300° to 600。C. When the soils were heated 
at 600°C for 15 minutes, the SOM in the bare soil decreased by 68% to 1.7%, 
and the vegetation-covered soil decreased by 49% to 2.9%. The SOM content in 
the vegetation-covered soil was found to be higher than that of the bare soil. 
3. TKN in the bare soil and the vegetation-covered soil both started to decrease at 
temperatures above 400。C. Ash did not add TKN to the vegetation-covered soil. 
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NH4-N in both sets of soils increased at 300° and 400。C, but declined at 50(f 
and 600°C. NO3-N was barely detectable in all the soils except that a very low 
amount of NO3-N was found in the vegetation-covered soils heated at 500° and 
600"C. 
4. Total P in the bare soil and the vegetation-covered soil did not change 
significantly with heating. However, ash was found to have contributed to the 
total P content of the vegetation-covered soil. PO4-P in the bare soil and the 
vegetation-covered soil decreased at 200° and 300°C, but increased thereafter. 
5. Exchangeable K, Ca and Mg in bare soil increased at 200°C and then decreased, 
at higher temperatures. The exchangeable Na in the bare soil, however, 
decreased continuously with heating at temperatures from 200° to 600®C. In the 
vegetation-covered soil, no discemable patterns were found for exchangeable K, 
Na, Ca and Mg. Ash was found to have contributed exchangeable K, Na, Ca and 
Mg to vegetation-covered soil. 
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CHAPTER FIVE 
NITROGEN AND PHOSPHORUS MINERALIZATION AFTER HEATING 
5.1 Introduction 
Nitrogen and phosphorus are important macronutrients needed for plant 
growth. Their amounts in soil are pertinent to vegetation regeneration and ecosystem 
productivity (Bauhus et al. 1993). Despite the importance, not all the nitrogen and 
phosphorus in soil can be absorbed by vegetation. Instead, only the mineral portion is 
available to plants, which accounts for 1-2% of the total reserve in soil for N and 0.01% 
for P (Brady and Weil 1999). Since heating is a potent mineralizing agent, it mineralized 
N and P in vegetation and soil at 200°-600°C. This chapter investigates the 
mineralization of N and P in heated soils under controlled conditions in the laboratory. 
Mineralization refers to the conversion of organic nutrients to a more mobile, 
inorganic state (Alexander 1977). Nitrogen mineralization consists of two processes, 
namely ammonification and nitrification. Ammonification is the release of NH4-N from 
organic compounds, while nitrification is the oxidation of NH4-N to NO2-N by 
Nitrosomonas bacteria, and NO2-N to NO3-N by Nitrobacter bacteria (Boudot and 
Chone 1985). The opposite of mineralization is immobilization, which is the conversion 
of inorganic nutrients into organic unavailable form (Brady and Weil 1999). Factors 
affecting mineralization and immobilization include the quantity and quality of 
substrates (Diaz-Ravina et al 1995; Fernandez et al. 1999)，the soil's acidity (Robertson 
and Vitousek 1981), the temperature and moisture content of soil (Liu et al. 2001), and 
also the number of soil microorganisms (Wuthrich et al 2002). Since fire can change the 
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soil environment and influence all factors pertinent to mineralization, its occurrence 
affects the amount of mineralized nutrients in ecosystem. 
Fire affects N mineralization in three ways. First, if the temperature is high enough 
to be lethal, it sterilizes soil and delays mineralization process (Dunn et al 1979). Jensen 
and Michelsen (2002) find Savanna fire with a soil temperature of 32®C at 1cm depth 
kills soil microbes. Dunn et al. (1979) also reports death of Nitrosomonas and 
Nitrobacter bacteria at temperatures of 140®C. Indeed, microorganisms react differently 
to heating and the effect of heating on microbial activity is related to the type of soil 
microorganisms and the heating intensity (Dunn et al 1985). Low temperature heating 
has less impact on biological properties of soil, while high temperature heating severely 
affects soils' microbial activity (Badia and Marti 2003). 
Although high temperature fires can kill microorganisms, post-fire soil 
environment is usually more favorable for mineralization. Pyrolysis of soil organic 
matter and addition of ash after fire provide readily decomposable substrates for 
microorganisms (Dunn et al 1979). Wanning activates soil microbial activity, resulting 
in higher microbial respiration (Bauhas et al 1993; Badia and Marti 2003) and 
mineralization of N and P (Viro 1974; Dunn et al 1979; Knoepp and Swank 1995; 
Turner et al 1997). 
The change of soil pH is another factor affecting mineralization. Soil pH usually 
» 
increases after heating (Forgeard and Frenot 1996; Lessa 1996). This, in turn, favours 
the growth of bacteria and actinomycetes, which are the key components for nitrogen 
mineralization (Raison 1979). With a rise in soil pH, ammonification and nitrification 
rates increase spontaneously (Mroz et al 1979; Chandler et al. 1991). In the present 
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study, soil pH rose from 4.6 (unheated) to 5.1 (600°C for 15 minutes) for bare soil. The 
corresponding increase for vegetation-covered soils was more significant, from 4.3 to 
5.3. Will this small increase in soil pH stimulate mineralization? 
Fire affects P mineralization in much the same way as N mineralization. However, 
the process of P mineralization is more complicated than N mineralization due to the 
reaction of mineral P with soil constituents. For example, fixation of P by Ca forms 
insoluble compounds and complexes, which lowers the amount of available P in soil 
(Blank et al. 1994). Although P is the second most important macronutrient needed for 
plant growth, there are relatively fewer studies on P mineralization than on N 
mineralization. They cover cultivated soils (Tracy et al 1990)，planter soils (Chan 1997) 
and forest soils (Saggar et al. 1998). Studies on P mineralization in post-fire 
environment are lacking in the literature. 
Although fire can stimulate mineralization through addition of ash and pyrolysis of 
soil organic matter, recurring fire inhibits mineralization due to poorer litter quality and 
resultant decreases in microbial biomass (Tongway and Hodgkinson 1992; Olear et al 
1995; Wilson et al. 2002). For example, the concentration of extractable soil N is 
significantly higher in unbumed soil than annually burned soil (Blair 1997). As fire is a 
recurrent phenomenon in Hong Kong, its impact on N and P mineralization is least 
understood. 
In Hong Kong, Yau (1996) and Marafa (1997) had investigated the effects of fire 
on soil mineralization in the field. Yau (1996) finds that two weeks after the occurrence 
of fire, NH4-N in the soil increases steadily from February, peaks in May and June but 
declines thereafter, while NO3-N is highest immediately after burning and declines from 
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July onwards. Marafa (1997) finds a flush of NH4-N immediately after fire in March, but 
this positive effect lasts less than 3 months before being superseded by immobilization 
for rest of the year. In these two studies, N mineralization was followed on a seasonal 
basis in the field without knowing intensities of the fire. Furthermore, the effect of 
heating on P mineralization has never been examined in the local environment. This 
chapter attempts to bridge these knowledge gaps by investigating the mineralization of 
N and P in the soils that have been subject to differential heating treatments. Specifically, 
the results obtained from this experiment will answer the following questions: 
1. Will ammonification and nitrification occur in the heated soils? If yes, which 
process is more dominant in the local environment? 
2. How will N mineralization change with time after heating? 
3. What role does ash play in N mineralization of the heated soil? 
4. Will P mineralization occur in the heated soils? If yes, how will it change with 
time? 
5. What is the effect of ash on P mineralization? 
5.2 Methodology 
5.2.1 Heating and incubation method 
Both bare and vegetation-covered soils were heated and measured for N and P 
mineralization. Soil and vegetation were collected from Grassy Hill, as in Chapters 3 
and 4. The air dried soil was passed through 2 mm mesh sieve. A total of 230 g soil was 
placed into a 15 cm x 15 cm x 5 cm tray made of aluminium foil. Since soil is a poor 
conductor of heat, the sample was evenly spread out to a thickness of 1 cm to ensure 
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even heating. Vegetation-covered soil was prepared by adding 7.3 g of oven-dried and 
ground grass material on top of the bare soil, amount being equivalent to the 
aboveground biomass in the study area. 
The bare and vegetation-covered soils were separately heated in a preheated muffle 
furnace at 200°, 400。and 600°C, each for 1, 5 and 15 minutes. After heating, the soils 
were incubated at 28°C in a Sanyo incubator (MIR 252) at field capacity^ moisture 
condition for 1，3，6 and 9 weeks. The incubation temperature and moisture regime were 
chosen because they represent the optimal conditions for mineralization (Malhi and 
Mcgill 1982; Brady and Weil 1999). Thus, the sole effects of heat and ash on 
mineralization can be determined precisely without being affected by changing 
temperature and moisture. It was found in a pilot study that 40% of the soil water was 
evaporated after one week of incubation. Each tray was thus replenished with 33 ml of 
water on a weekly basis. The unheated soil samples were incubated in the same way as 
the heated soils. There were five replicates for each treatment and the control. After 
incubation the samples were homogeneized and analyzed for mineral N (NH4-N, NO3-N) 
and mineral P (PO4-P). There was no sieving of the soils before chemical analysis 
because the process would remove part of the ash from the vegetation-covered soils. 
Furthermore, the samples were too wet to sieve under the optimal moisture condition. 
The use of 2-mm fraction soil in the chemical analysis would undoubtedly underestimate 
mineral N and P. Nevertheless, net ammonification, nitrification, N mineralization and 
net P mineralization were determined from the changes of NH4-N, NO3-N and PO4-P 
contents in the incubated soils with time. The rates are expressed as kg ha'^  day—、 
‘The moisture content of the soils at field capacity was equivalent to 36%, which was determined by use 
of a pressure plate extractor. The initial amount of water added to each tray of soil (230g) was 82ml. 
71 
5.2.2 Laboratory Methods 
NH4-N, NO3-N and PO4-P were determined colorimetrically, details of which are 
given in Chapter 4. All values are expressed on the oven dry weight basis of soils. 
5.2.3 Statistical analysis 
Statistical analysis was conducted by using the statistical package SPSS (for 
Windows). The difference in mineralization rates among the soils heated at different 
temperatures and durations were tested by ANOVA (Duncan's Multiple Range Test). 
The difference in mineralization rate between the bare soils and vegetation-covered soils 
were examined by the student's t-test. The significance level of all tests were set at 
p<0.05. Power analyses were also carried out to test the type II error when there were no 
significant differences between the samples. 
5.3 Results and Discussion 
5.3.1 Temporal change of N mineralization in bare soils 
Ammonification was detected in the heated soils incubated at 28°C at field capacity 
(Figure 5.1 and Appendices 5.1 & 5.2). A bimodal pattern of ammonification was found 
in the soils heated at 200® and 400。C throughout the incubation period. Overall, 
ammonification peaked in the 1st week (0.27 to 1.20 kg ha'' day"') and declined 
gradually with time before being superseded by immobilization from the 4th to 6th week 
(-0.19 to -0.01 kg ha'i day" )^. A secondary peak of ammonification appeared from the 
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Figure 5.1 Net ammonification of soils heated at 200。，400 ° and 600 
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Heating the soil at 600°C resulted in a different pattern of ammonification; 
immobilization occurred from the 1st week onwards (-0.13 to -0.02 kg ha"' day"^ ) until 
the 7th to 9th week when ammonification was detected (0.049 to 0.079 kg ha] day"^ ). 
Nitrification was also detected in the heated soils (Figure 5.2 and Appendices 5.3 & 
5.4). Similar to ammonification, net nitrification dominated the first three weeks of 
incubation (0.006 to 0.021 kg ha'^  day]) while immobilization became dominant from 
the 4th week onwards (-0.008 to -0.002 kg ha] day"'). Overall, ammonification was 
approximately eight times greater than nitrification, which agreed reasonably well with 
findings by Davy and Taylor (1974)，Smolander et al (1995), as well as Chan (1996) 
and Marafa (1996) in the local environment. Why was nitrification so low in the heated 
soils? One explanation is the limited supply of NH4-N, which is the substrate for 
nitrification. In natural environment, nitrifiers have to compete with vegetation as well 
as other microbes for NH4-N to perform nitrification. Although the factor of vegetation 
absorption was not included in this study, nitrifiers still had to compete with other 
microbes for NH4-N in the incubation tray. Since ammonium immobilization dominated 
the soil from the 4th to 6th week onwards, nitrate immobilization also occurred during 
this period. 
Strong soil acidity can also inhibit nitrification (Sahrawat 1982). Nitrification 
appears to be more sensitive than ammonification to acid soil conditions. In the present 
study, pH of the bare soils ranged from 4.0 (300°C for 15 minutes) to 5.1 (600®C for 15 
minutes). The strongly acid soil condition suppressed nitrification, especially for soils 
heated at temperatures below 400°C. Hence, nitrification was lower in the soils heated at 
200®- 400°C than at 600°C. 
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Figure 5.2 Net nitrification of soils heated at 200。，400。and 600。C 
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The low nitrification rate is also ascribed to the different sensitivity of 
microorganisms to heating. Nitrifying bacteria, having thin-walled cells, will be killed 
between 53° and 58°C. Having thicker walls or spores, ammonifiers can survive at 
100°C (Raison 1979). Therefore, with the same heating treatment, the impact of heating 
on nitrifiers was greater than on ammonifiers. Hence, nitrification was substantially 
lower than ammonification in the heated soil. 
As ammonification predominated over nitrification throughout the incubation 
period, net N mineralization followed closely the pattern of ammonification (Figure 5.3 
and Appendices 5.5 & 5.6). A bimodal pattern of N mineralization was likewisely 
observed for the soils heated at 200° and 400。C. Compared to the control (0.52 kg ha] 
day-i)，heating the soils at 200®C and 400°C for 1 and 5 minutes significantly increased 
N mineralization (0.85 to 1.21 kg ha"^  day"^ ). N mineralization peaked in the 1st week of 
incubation (0.28 to 1.21 kg ha] day])，declined thereafter and peaked again in the 7th to 
9th week (0.06 to 0.16 kg ha'^  day"^ ). The second peak was therefore much lower than 
the first peak. Conversely, heating the soils at 600®C resulted in N immobilization in the 
1st week (-0.005 to -0.108 kg da/i). It continued until the 7th to 9th week when N 
mineralization occurred again (0.05 to 0.08 kg ha'' day'^ ). 
That heating at 200° and 400。C increased N mineralization at the onset of 
incubation agreed with findings by Kovacic et al. (1986), Romanya et al. (2001), 
DeLuca et al. (2002) and Yang et al (2002). This may be due to increased soil pH 
(Donaldson and Henderson 1990), pyrolysis of soil organic matter (Walker et al. 1986)， 
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Figure 5.3 Net N mineralization of soils heated at 200。，400 ° and 600°C 
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subsequent increase in microbial activity (Dunn et al 1979; Kovacic et al 1986). In the 
following weeks, taking the advantage of NH4-N flush, microbes recovered and 
immobilized the soil nitrogen. Later, the death of microbes provided the necessary 
substrate for N mineralization. This explained why a bimodal pattern of N 
mineralization was found in the soil heated at 200° and 400°C. 
Heating the soil at 600°C might have substantially reduced the number of soil 
nitrifiers and hence N mineralization (Chandler et al. 1991; Montserrat Diaz-Ravina et 
al. 1995; Jensen and Michelsen 2002). Parallel to this was an increase of mineral N from 
12.6 mg kg"' to 15.3- 45.7 mg kg\ as a result of the combustion of soil organic matter 
and microbes. The general purpose microorganisms took advantage of this and 
multiplied rapidly, leading to immobilization of N in their biomass. 
5.3.2 The effect of ash on N mineralization 
N mineralization was unexpectedly higher in the bare soil (-0.21 to 1.21 kg ha'' 
day"') than the vegetation-covered soil (-0.14 to 0.49 kg ha"^  day])，indicating that ash 
had no positive effects on mineralization. This was particularly obvious during the 1st 
week and the 7th to 9th week of incubation. This finding was different from that of 
Blank et al (1994), in which ash is favorable to N mineralization. The reasons are 
threefold. Firstly, the C: N ratios were marginally higher in the vegetation-covered soils 
(8.0-12.3) than bare soils (6.7-11.6) (Table 5.1). It is well documented in the literature 
that soil having a higher C: N ratio tends to have lower N mineralization (Cote et al 
2000). Secondly, oxides and carbonates of alkalis were abundant in the ash layer of the 
vegetation-covered soils. Although these soils were acidic as a whole, the ash layer was 
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likely neutral or alkaline in reaction. For instance, pH of the ash reached 9.5 when the 
grass was heated at 600®C for 15 minutes. Some of the mineral N could have been lost 
through evaporation under high pH conditions, as suggested by Viro (1974). This 
resulted in lower N mineralization in the ash-covered soils. 
Thirdly, the discrepancy in N mineralization between the bare and 
vegetation-covered soils can also be caused by different soil moisture. In the present 
experiment, water was periodically added to the incubated samples to optimize 
mineralization. Some of the water added to the vegetation-covered soils was effectively 
retained by the ash layer. This retention of water could have depleted moisture supply to 
the soil, resulting in lowered mineralization. 
Table 5.1 C: N ratio of the bare soils and vegetation-covered soils 
„ . i Vegetation-covered 
Heating treatment Bare soils 
soils 
Unheated 11.4 12.2 
200°C I min 11.2 12.3 
200°C 5 min 11.3 12.2 
112 12.5 
400°C i min 11.4 11.1 
400°C 5 min 11.4 12.3 
400°C 15 min 8.5 8.0 
600°C 1 min 11.6 12.1 
600°C 5 min 8.5 9.1 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































5.3.3 Comparison of N mineralization with other studies 
Ammonification of the heated soils was lower than that of a 300-year-old 
mature forest (Klopatek 1987) (Table 5.2). As the soil and vegetation were collected 
from a repeatedly burnt area at Grassy Hill, the low ammonification rate may be 
attributed to the cumulative effects of fire. Both the quantity and quality of substrates 
are reduced as a result of repeated burning (Vance and Hendersoil 1983)，which 
inhibits mineralization (Adams et al. 1994; Ojima et al. 1994). Other factors being 
equal, the grass litter in the study area is probably inferior to tree litter in quality, 
especially the content of nitrogen. The low ammonification rates are, however, 
comparable to cultivated soils investigated by Tracy et al (1990)，Montagnini and 
Sancho (1994), as well as fire-affected soils in the local environment (Yau 1996; 
Marafa 1997). 
Nitrification in the heated soils is exceedingly low when compared to soils of 
undisturbed grassland and shrub land (Robertson and Vitousek 1981), cultivated land 
(Tracy et al. 1990) and pastures (Montagnini and Sancho 1994) (Table 5.2). It was 
also lower than newly burnt grassland and forest soils (Davidson et al 1990) but 
comparable to the local fire-affected soils (Yau 1996; Marafa 1997). Since nitrate is 
vulnerable to leaching, low nitrification can perhaps curb the leaching loss of N from 
the ecosystem. The leaching of mineral N from heated soil with and without ash will 
be investigated in Chapter 6. 
5.3.4 Temporal changes of P mineralization in heated bare soils 
P immobilization predominated over mineralization in the soil throughout the 
study (Figure 5.4 and Appendices 5.7 & 5.8), being most conspicuous in the 1st 
week of incubation (-0.059 to -0.005 kg ha"^  day]). Immobilization was closely 
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Figure 5.4 Net P mineralization of soils heated at 200°, 400。and 600°C 
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related to heating intensity of the soil. In the unheated soil, P was immobilized at the 
rate of-0.005 kg ha"^  day]. Heating the soil at 200。C (5 and 15 minutes) and 400。C 
(1 and 5 minutes) resulted in the pyrolysis of organic matter and subsequently 
increased substrate for P mineralization. Because of this, P immobilization became 
less vigorous and P mineralization was detected in the soil heated at 200°C and 
400°C during the 1st week of incubation (0.000 to 0.022 kg ha"^  day-、. When the 
heating intensity was increased to 600°C for 5 and 15 minutes, calcium released from 
high-intensity heating fixed some of the mineral P to form Ca-phosphate (Blank et al 
1994; Brady and Weil 1999). Hence, P immobilization dominated the soils (-0.014 to 
-0.045 kg ha-i day'^) during the 1st week of incubation. In the following weeks, death 
of soil microorganisms replenished soils with substrate and P mineralization took 
over from the 7th week onwards (0.003 to 0.009 kg ha] day'^). 
5.3.5 The effect of ash on P mineralization 
Ash had no positive effects on P mineralization. Instead, P immobilization was 
higher in the vegetation-covered soil (-0.001 to -0.062 kg ha"^  day"^) than bare soil 
(-0.001 to -0.059 kg ha'i day'^). Factors affecting P mineralization include C: P ratio 
(Mafongoya et al 2000) and the presence of elements that can fix mineral P (Blank 
et al. 1994). As C: P ratios in the vegetation-covered soil were not always higher 
than the bare soil (Table 5.3)，it is unlikely a contributory factor to P immobilization. 
On the other hand, exchangeable Ca was higher in the vegetation-covered soil (0.23 
to 0.53 cmol kg"') than the bare soil (0.14 to 0.37 cmol kg"^). The precipitation of 
phosphorus by Ca could have intensified P immobilization in the incubated soil. 
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Table 5.3 C: P ratio of the bare soils and vegetation-covered soils 
Vegetation-covered 
Heating treatments Bare soils ^ ” 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ soils 
"y生驻明 695 ^ 
200^"Tmin 611 
200°C 5 min 646 576 
j^P^J^XLlAmp 608 616 
405^"Tmin 732 <503 
400°C 5 min 694 568 
450 389 
b b S f 728 540 
600°C 5 min 404 339 
600°C 15 min m ^ 
5.3.6 Comparison of P mineralization to other studies 
In contrast to the studies of P mineralization in planter soils (Chan 1997), 
cultivated soils (Tracy et al 1990) and forest soils (Saggar et al. 1998), P 
immobilization was most dominant throughout the incubation period (Table 5.4). 
The C: P ratios were wide, ranging from 206 to 695 for bare soil and 299 to 674 for 
vegetation-covered soil (Table 5.3). When the soil C: P ratio is greater than 300:1， 
immobilization usually predominates in the initial stage of decomposition (Alexander 
1997; Mafongoya et al 2000). While phosphorus is already deficient in the local soil, 
active immobilization after fire further reduces its bioavailability to plants. The 
implication of this finding to rehabilitation planting after fire warrants further study. 
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Table 5.4 Comparison of P mineralization rate of selected vegetation communities 
Vegetation community Study period P mineralization Reference 
(Hgg-i day-') 
Plow cultivation - 1.43 Tracy et al (1990) 
No-till cultivation — 1.87 ditto 
Forest soil: Unfertilized 9 weeks 0.02 Saggar a/. (1998) 
Forest soil: 62.5 kg P ha"' added 9 weeks 0.03 ditto 
Forest soil: 125 kg P ha"^  added 9 weeks 0.28 ditto 
Planter soils: Central District 4 seasons 0.06 - 0.31 Chan 1997 
Kwun Tong 4 seasons -0.13 - 0.05 Chan 1997 
Wo Che 4 seasons -0.14 - 0.19 Chan 1997 
Grassland soil: heated at 200°C 9 weeks -0.05 - 0.00 Present study (2004) 
Grassland soil: heated at 400°C 9 weeks -0.09 - 0.03 Present study (2004) 
Grassland soil: heated at 600°C 9 weeks -0.09 - 0.00 Present study (2004) 
Conclusion 
The major findings of this chapter are summarized as follows: 
1. Both ammonification and nitrification were detected in the heated soil 
throughout the incubation period. Ammonification predominated over 
nitrification all the times, net N mineralization followed closely the pattern of 
ammonification. 
2. Net N mineralization was initially affected by the intensity of heating and later 
by the growth cycle of the microorganisms. Heating the soil at 200° and 400°C 
resulted in a bimodal pattern of N mineralization. The first peak occurred 
during the 1st week of incubation (0.28 to 1.21 kg ha] day])，while the second 
and lower peak (0.06 to 0.16 kg ha"^  day was detected in the 7th to 9th week. 
A different pattern was found when the soil was heated at 600°C; N 
immobilization (-0.005 to -0.108 kg ha"^  day" )^ was dominant from the onset of 
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incubation until the 7th to 9th week when mineralization took over (0.05 to 
0.08 kgha-i day]). 
3. Ash did not stimulate N mineralization, which was significantly higher for the 
bare soil (-0.21 to 1.21 kg ha"' day"^) than vegetation-covered soil (-0.14 to 0.49 
kg ha'i day-i). 
4. P immobilization predominated over P mineralization from the onset of 
incubation. The magnitude of P immobilization was more conspicuous for soils 
heated at 600°C (-0.014 to -0.045 kg ha'' day-、than 200° and 400°C (-0.059 to 
-0.007 kg ha'i day''). Net P mineralization occurred from the 7th week onwards, 
which coincided with the second peak of N mineralization. 
5. P immobilization was higher in the vegetation-covered soil (-0.001 to -0.062 kg 
ha'i day-i) than bare soil (-0.001 to -0.059 kg ha] day"^), hence ash had no 
positive effects on P mineralization. 
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CHAPTER SIX 
VERTICAL MOVEMENT OF MINERAL NITROGEN 
IN ASH-COVERED SOILS 
6.1 Introduction 
The mineralization of N and P in the heated soil was examined in Chapter 5. 
Besides mineralization, the change of nutrient in heated soil is also determined by 
rainwater. The fire season in Hong Kong lasts from October to end of April; hence 
soil nutrients are most susceptible to the influence of spring rain. This chapter 
investigates the movement of mineral N in ash-covered soil under the influence of 
percolating water. 
Leaching refers to the removal of materials in solution from soil by percolating 
waters (Brady and Weil 1999). As water is an effective solvent, nutrients can be 
leached to lower layers of the soil profile. If the nutrients are translocated to a layer 
that is unattainable by plant roots, they are almost lost from the plant-soil system 
(Mansell 1986; Parrel et al. 1996). The effect of leaching on plant nutrients is 
determined by a multitude of factors, including the soil texture and structure (Allen 
1964), the soil adsorption capacity (Christensen 1987), the relative rate of plant 
uptake (Wong et al 1997), the mineralization and immobilization of nutrients 
(Follett 1989)，as well as the amount and intensity of rainfall (Brady and Weil 1999). 
There are many studies on the leaching loss of N from soil. Leaching loss from 
areas ravaged by fire is greater than from undisturbed ecosystems (Allen 1964; 
Dubreuil and Moore 1981; Weston and Attiwill 1996; Blair 1997) due to three 
reasons. Firstly, fire oxidizes nutrients in vegetation and soil resulting in the flush of 
water-soluble mineral N (Khanna and Raison 1986; Bauhus et al. 1993; Romanya et 
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al. 2001). Secondly, fire causes fusion of clay particles in soil and this reduces 
adsorption capacity of the soil (Giovannini et al 1990). Thirdly, the absence of 
vegetation after fire reduces uptake of mineral N (Weston and Attiwill 1996). Once 
mineral N exceeds the adsorption capacity of soil, the element will be leached away 
by rainwater. Although N flush is a common phenomenon after fire (Hulbert 1988; 
Singh et al 1991; Badia and Marti 2003)，this effect is ephemeral and disappears 
within three months (DeLuca et al 2002) to a year (Yang et al. 2003; Kovacic et al 
1986) as a result of leaching. 
Annually, Hong Kong receives 2,214 mm of rainfall. Yau (1996) and Marafa 
(1997) have investigated the leaching of nitrogen in fire-affected soil by using the in 
situ sequential coring method. They find an insignificant loss of NH4-N and NO3-N 
from the top 10-cm soil as a result of active N immobilization in the soil. This led to 
the conclusion that N immobilization helps to preserve nitrogen loss from repeatedly 
burnt ecosystem. However, because the cores used in the experiments were only 
inserted 10 cm into the soil, the movement of mineral N beyond this depth was 
excluded. Furthermore, the in situ coring method only estimates leaching loss 
indirectly and biweekly sampling on a seasonal basis inevitably undermines the 
accuracy of measurement. The majority of fires in Hong Kong occur in the cool dry 
months of October through December. It is anticipated that nitrogen rendered soluble 
by fire is subject to the leaching effect of spring rain. The onset of the rainy season 
and subsequent leaching of nitrogen are of practical relevance to rehabilitation 
planting, which begins in March every year. Despite this importance, the movement 
of nitrogen in soil after fire is least understood in the literature. 
This chapter investigates the movement of mineral N from ash-covered soil in 
packed columns in the laboratory. The leaching of P was dropped in this experiment 
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because it was not detected in any of the pilot tests. The soil columns were watered 
periodically and the total amount of water added throughout the experiment was 
equivalent to the average spring rainfall of 540 mm recorded from March to May in 
Hong Kong. Soil pore water and leachate were collected and measured for NH4-N 
and NO3-N. Findings from this experiment will answer the following questions: 
1. Under simulated spring rainfall conditions, will NH4-N and NO3-N be detected in 
the pore water of ash-covered soil? If yes, which element is more dominant? 
2. How will mineral N in the pore water change with the amount of simulated 
rainfall? 
3. How will ash affect the mineral N content of pore water? 
4. How much mineral N will be leached by the simulated spring rainfall? 
5. What are the sources of mineral nitrogen that is leached from the ash-covered 
soil? 
6.2 Methodology 
6.2.1 Packing of soil columns 
Soil collected at 0-10，10-20 and 20-30 cm depths in Grassy Hill was air-dried 
and passed through 2 mm sieve. They were packed into 15.8 cm-diameter PVC 
columns, according to the bulk density of the soil in the field^ (Plates 6.1 and 6.2). 
The grasses were also clipped from the site, rinsed with deionized water, oven dried, 
and ground and passed through 2 mm sieve. 6.32 g of the grass materials were 
separately heated in a pre-heated muffle furnace at 200°, 400° and 600°C for 1, 5 and 
15 minutes, in accordance with procedures described in Chapter 3. The amount of 
1 The bulk densities of the 0-10，10-20 and 20-30 cm soils are 0.98 Mg m-�，1.09 Mg m"^  and 1.21 Mg 
m-3，respectively. The amount of soil packed into each column amounted to 1,921 g, 1,237 g and 2,372 
g for the 0-10，10-20 and 20-30 cm layers, respectively. 
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grass materials heated was equivalent to the aboveground biomass in the study area. 
Ash derived from the different heating treatments was spread out evenly onto the 
packed soil columns. Soil columns without the addition of ash were treated as 
controls. There were three replicates for each treatment, making a total of thirty soil 
columns. 
6.2.2 Water addition and extraction of pore water 
Deionized water was added periodically to each column by use of a pressurized 
spray bottle. The total amount of water added to each soil column was equivalent to 
540 mm, which is the annual mean spring rainfall of Hong Kong for the period 
1960-1990 (Hong Kong Observatory 2004). 15 mm of deionized water was added to 
the soil each day. Water was allowed to leach out from the bottom of the soil column. 
Pore water was extracted from each column at intermittent depths of 5, 15 and 25 cm, 
corresponding to the 0-10，10-20 and 20-30 cm soil layers. Soil moisture samplers 
were used in the extraction of pore water when the total amount of water added was 
equivalent to 180 mm, 240 mm, 300 mm, 360 mm, 420 mm, 480 mm and 540 mm of 
rainfall (Plate 6.1). At the same time, leachate was collected at the bottom (30-cm 
depth) of the soil column to simulate the leaching effect of rainfall. Details of water 
addition, pore water extraction and leachate collection were shown in Appendix 6.1. 
The pore water and leachate were analyzed for mineral N (NH4-N and NO3-N) 
by flow injection analysis in accordance with procedures described in Chapter 3. The 
amount of NH4-N and NO3-N in the pore water was estimated by multiplying 
concentration of the element with the water holding capacity of each soil layer .^ All 
values were expressed as kg ha"^  and mineral N represented the sum of NH4-N and 
2 The water holding capacities of the 0-10 cm, 10-20 cm and 20-30 cm soil layers were 711ml, 769 
ml and 996 ml respectively, as determined by using a pressure plate extractor. 
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NOs-N in the pore water. Mineral N from the leachate represented total loss from the 
entire column and was also expressed as kg ha"^ . 
Plate 6.1 Collection of soil pore water using soil moisture samplers. 
Plate 6.2 Soil moisture samplers linked to vacuum tubes. 
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6.2.3 Statistical analysis 
Statistical analysis was performed using the statistical package SPSS (for 
Windows). Chemical results are expressed as means of three replicates. The 
differences of mineral N content among the bare and ash-covered soils were tested 
by ANOVA (Duncan's Multiple Range Test). As the mineral N content of pore water 
among the three soil layers are relatively related, ANOVA cannot be used to test their 
differences. The significance level of all the tests was set at p<0.05. Type II error was 
calculated when there was no significant difference between the samples. 
6.3 Results and Discussion 
6.3.1 Mineral N in the pore water 
Throughout the study period, NH4-N was detected in the pore water of the soils 
(Figure 6.1 and Appendix 6.2). NH4-N in the pore water of the upper 20-cm layer 
decreased with the addition of water, and the magnitude of reduction was greater in 
the 0-10 cm layer than the 10-20 cm layer. The decline of NH4-N in these two layers 
slowed down with time and became stabilized after 420 mm of water had been 
applied. After the addition of 540 mm of water, approximately 26% and 61% of the 
original NH4-N were left in 0-10 (0.13 to 0.37 kg ha"^ ) and 10-20 cm (0.77 to 1.34 kg 
ha'i) layers. On the other hand, NH4-N in the pore water of the 20-30 cm layer 
increased consistently with the amount of water added. It rose from 1.23-1.71 kg ha'^  
at the beginning of the experiment to 2.03-2.49 kg ha"^  after the addition of 540 mm 
water. 
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Figure 6.1 NH4-N content in the soil pore water extracted from 0-10,10-20 and 
20-30 cm soil layers o f the bare and ash-covered soil 
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The NO3-N content in soil pore water was lower than NH4-N (Figure 6.2 and 
Appendix 6.3)，ranging from 0.002-0.043 kg ha"' throughout the study period. Unlike 
NH4-N, NO3-N declined with the addition of water in all the soil layers. The 
magnitude of reduction was greater in the 0-10 cm layer than the lower layers. After 
the addition of 540 mm of water, the amount of NO3-N in the 0-10, 10-20 and 20-30 
cm layers were equivalent to 19%, 55% and 46% of the original amount, 
respectively. 
The amount of NH4-N present in the pore water was about 20 times higher than 
NO3-N. This finding was comparable to Davy and Taylor (1974) that NH4-N 
predominates over NO3-N in acid soils. They attributed the predominance of NH4-N 
over NO3-N to the broader tolerances of ammonifiers than nitrifiers to acidic soil. 
Another reason may be due to the difference in charges between NH4-N and NO3-N. 
NO3-N is an anion that is not adsorbed by the negatively-charged clay and organic 
colloids; hence is more mobile and susceptible to leaching. In contrast, NH4-N is a 
cation that can be retained on the surface of clay and organic colloids (Whitehead 
1995). 
The mineral N content (NH4-N and NO3-N) in pore water is shown in Figure 6.3 
and Appendix 6.4. With the predominance of NH4-N over NO3-N, the pattern of 
mineral N was similar to that of NH4-N. Overall, mineral N in 0-10 and 10-20 cm 
layers decreased and in 20-30 cm layer increased with the addition of water. This 
trend continued until the addition of 420 mm of water, when mineral N in all the 
three layers became more or less stabilized. With the addition of 540 mm of water, 
only 23% of mineral N in 0-10 cm layer and 60% in 10-20 cm layer remained. 
However, mineral N in 20-30 cm layer increased by 49% from 1.59 kg ha] to 2.37 
kg ha'. 
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(a) 0-10 cm soil pore water 
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Figure 6.2 NO3-N content in the soil pore water extracted from 0-10,10-20 and 
20-30 cm soil layers of the bare and ash-covered soil 
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(a) 0-10 cm soil pore water 
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Figure 6.3 Mineral N content in the soil pore water extracted from 0-10, 10-20 and 
20-30 cm soil layers of bare and ash-covered soil 
It appeared that mineral N leached from 0-10 and 10-20 cm layers had 
；cumulated at 20-30 cm layer. In the field, the length of grass roots seldom exceeds 
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It appeared that mineral N leached from 0-10 and 10-20 cm layers had 
accumulated at 20-30 cm layer. In the field, the length of grass roots seldom exceeds 
20 cm. Although mineral N tended to accumulate at 20-30 cm layer, it may not be 
used by grass in the study area. Only shrubs and trees can tap the nitrogen in this 
layer. 
6.3.2 The effect of ash on mineral N in pore water 
Ash did not increase mineral N in the pore water. There were generally no 
significant differences in NH4-N, NO3-N and mineral N contents between the bare 
and ash-covered soils (p>0.05), though low powers of the tests might have reduced 
their explanatory powers (type II error >0.2). The finding was unexpected as mineral 
N in soil water extracted from ash-bed is usually higher than control soil (Khanna 
and Raison 1986; Bauhus et al 1993). As mentioned in Chapter 3, ash contained 
0.11- 0.26 kg N ha.i, depending on the intensity of heating. Why was there no change 
of mineral N in soil pore water after the addition of ash? Does this imply that ash did 
not contribute any mineral N to soil? There may be two reasons accounting for this 
phenomenon. First, the content of N in ash was low and it only accounted for 0.1 to 
0.8% of the total amount of N in ash-covered soil (Table 6.1). Thus, the addition of 
ash did not contribute any significant increase of mineral N in the pore water. Second, 
the mineral N added by ash may have been readily leached away from the entire soil 
column. The leaching loss of mineral N will be examined in the following section. 
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Table 6.1 The proportion of TKN in ash to soil 
wxT. u i TKN in ash- i Proportion of N 
• , , . TKN in ash ： , ： . , 
Ash addition treatments , ： covered soil ： m ash to soil 
(kg ha ) i ( k g h a - i ) 丨 （ % ) 
Bare soil -- j 5502 j 二 
iiiiiiij 43A7 j 5545 | O.'s 
Ash-covered (200°C 5min) 38.44 I 5540 I 0.7 
37.62 j 5540 1 0.7 
巧 f i t i二iiiy i T I i 1 5519 1 o"3 
Ash-covered (400°C 5min) 11.84 | 5514 0.2 
8.83 I 5511 I 0.2 
"623 j '5508 1 0.1 
Ash-covered (600°C 5min) 6.49 5508 0.1 
Ash-covered (600°C 15min) 4.83 I 5507 | 0.1 
6.3.3 The leaching loss of mineral N 
The leaching loss of NH4-N and NO3-N is shown in Figure 6.4 and Appendix 
6.5. The loss of NH4-N and NO3-N was highest with the addition of 180 mm of water, 
and became stabilized at 300-420 mm of water. It decreased thereafter but resurged 
again when 480 mm of water was added. During the study period, a total of 
8.70-9.73 kg ha"' of NH4-N and 0.97-1.21 kg ha"' of NO3-N were leached from the 
soil. 
With the predominance of NH4-N over NO3-N, the leaching loss of mineral N 
followed closely that of NH4-N (Figure 6.5 and Appendix 6.6). Overall, the loss was 
highest with the addition of 180 mm of water (1.86-2.23 kg ha]), declined thereafter, 
and rose again when 480 mm of water was added (1.38-1.70 kg ha After the 
addition of 540 mm of water, the total loss of mineral N in leachate ranged from 9.71 
kg ha -1 to 10.86 kg ha among the soils, and this was equivalent to 0.18-0.20% of 
the total N in soil (Table 6.2). 
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Figure 6.4 The losses of (a) NH4-N and (b) NO3-N with the amount of rainwater 
added 
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Figure 6.5 (a) The loss of mineral N (b) The mineral N content in 0-30 cm soil pore 
water 
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Table 6.2 Proportion of leached mineral N to TKN in soil columns 
Leached | Total N in | Proportion of leached 
Ash addition treatments mineral N j ash+soil j minemal N to TKN in 
(kg h a ' ) 丨 （ k g ha]) | ash+soil (%) 
Baresoil 9.74 j 5502 j STi 
Ash-covered (200°C Imin) 10.17 丨 5545 | 0.18 
Ash-covered (200°C Smin) 10.07 I 5540 | 0.18 
1.0.41 j 5540 I 0.19 
Ash-covered (4001： Im i n ) 10.86 j 5519 | 0.20 
Ash-covered (400°C 5min) 10.28 5514 | 0.19 
10.66 丨 5511 丨 0.19 
Ash-covered (600°C Im i n ) 10.30 | 5508 丨 0.19 
Ash-covered (600°C Smin) 10.37 丨 5508 | 0.19 
Ash-covered (600°C 15min) 9.71 j 5507 j O J ^ 
The leaching loss of mineral N was accompanied by reduction of the element in 
pore water of the entire soil column up to the addition of 300 mm of water (Figure 
6.5b). The finding suggests that there exists an interface of mineral N exchange 
between pore water and leachate and that mineral N translocated to the bottom layer 
is susceptible to leaching loss. This phenomenon disappeared when more water 
(above 300 mm) was added to the soil columns. The leaching loss of mineral N was 
no longer accompanied by a simultaneous decline in pore water. It appears that some 
processes, such as N mineralization, have compensated part of the N lost in leaching. 
The amount of mineral N lost from ash-covered soil was greater than bare soil, 
and the magnitude of loss was commensurate with N contained in the ash (Table 6.3). 
Considering the fact that mineral N in pore water did not increase in ash-covered soil, 
mineral N contained in the ash could only be lost through leaching. As shown in 
Table 6.3, the addition of ash resulted in an average loss of 0.33 kg N ha"^  (200。C for 
5 minutes) to 1.12 kg N ha"^  (400°C for 1 minute) from the soil columns. The only 
exception coincided with soil covered by ash prepared by heating the grass at 600°C 
for 15 minutes. In this sample, mineral N was actually chemically fixed (-0.03 kg 
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ha—i) instead of being leached out of the soil column. Nevertheless, where mineral N 
had been leached from ash, the amount surpassed the N contained in it. This clearly 
shows that the addition of ash could have stimulated N mineralization in soil so that 
more N was available for leaching. The source of this N was unlikely resulted from 
NH4+ flush as the soil used in this experiment was not heated. By subtracting the 
amount of N in ash from the total amount lost in leaching, it was found that N 
mineralization stimulated by ash had contributed an additional loss of 0.04-0.76 kg N 
ha'i. The magnitude of loss indirectly caused by N mineralization appeared to be 
highest when the grass had been heated at 400°C. Heating the grass vegetation at 
600°C for 15 minutes, on the other hand, reduced leaching of N from the soil 
columns. 
Table 6.3 The mineral N content in ash and leachate 
Mineral N 
： 1 Loss induced by ash i Losses caused by N 
Ash addition treatments ash ! In leachate ! addition (difference j mineralization 
, 1 , ： between losses in ash- I simulated by ash 
(kg ha")⑷丨（kg ha")丨 covered soil to bare soil)丨 addition (kg ha'') 
I I (kgha')(b) i (b-a) 
Bare soil -- \.......9.74 \ -- ] --
Ash-covered (200°C Imin) 0.29 j 10.17 j 0.43 | 0.14 
Ash-covered (200°C Smin) 0.29 | 10.07 | 0.33 j 0.04 
Ash-covered (200°C 15min) 0.36 | 10.41 j 0.67 [ 0.31 
Ash-covered(400°C Imin) 0.37 | 10.86 j 1.12 | 0.76 
Ash-covered (400''C Smin) 0.27 j 10.28 | 0.54 j 0.27 
0.32 I 10.66 I 0^2 j 0.60 
Ash-covered (6001 Imin) 0.30 | 10.30 j 0.56 | 0.26 
Ash-covered (600t： 5min) 0.30 | 10.37 | 0.63 | 0.32 
Ash-covered (600°C 15 min) 0.21 j 9.71 j ^ j -0.24 
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6.3.4 Comparisons with other studies 
There are more studies on the leaching loss of NO3-N from soils than on NH4-N 
(Table 6.4). The leaching loss of NH4-N from the packed soils in this study was 
about 3-10 times higher than newly burnt areas investigated by Yau (1996) and 
Romanya et al (2001). As no two sites are the same, this discrepancy is probably a 
result of differences in methodology, soil depth and duration of study. The studies of 
Yau (1996) and Romanya et al (2001) were conducted in situ; hence there is no 
sieving of soil prior to burning. In contrast, the soil used in the present experiment 
was sieved before packing, resulting in destruction of the soil structure and higher 
leaching loss. While the other studies were conducted at selected intervals during a 
particular season, the present study simulated the effect of spring rainfall in Hong 
Kong. Because of this, the rainfall intensity between studies is bound to be different. 
For instance, Yau (1996) investigated the leaching of N in situ on a biweekly basis in 
spring in the Tai Mo Shan area, which is not far away from Grassy Hill. Yet, the 
actual rainfall encountered during the incubation period was only 0.35 mm day'\ 
which was much lower than the intensity of 6 mm day] of the average spring rainfall 
of Hong Kong in the present study. Another reason for the high leaching loss of 
NH4-N might be the absence of plant uptake in the present study. According to Yau 
(1996), the coverage of vegetation was 4.5% two weeks after fire. Since most of the 
mineral N was lost in the first 14 days of the watering period, the effect of vegetation 
cover in reducing N loss would be insignificant. In addition, the leaching loss of N is 
naturally higher from deeper soil (30 cm) than shallower soil (5-10 cm) when other 
factors being equal. Due to the above reasons, the leaching loss of NH4-N was higher 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































In contrast to NH4-N, the amount of NO3-N leached from soil was extremely 
low when compared to most of the fertilized grasslands (Barraclough et al, 1983; 
Garwood and Ryden 1986) and fire-affected ecosystems (Yau 1996; Romanya et al 
2001) (Table 6.4). This is expected because the grasslands investigated by 
Barraclough et al. (1983) and Garwood and Ryden (1986) were fertilized with 
250-900 kg-i N ha'' yr"' and the soil depth (80cm) was more than double that of the 
present study (30 cm). Yau's (1996) study site at Tai Mo Shan, Hong Kong, was 
heavily patronized by feral cattle that had contributed abundant cow dungs to the 
slopes. This animal manure is a decomposable substrate for N mineralization, not to 
mention its nitrate content. 
6.5 Conclusion 
The leaching of mineral N from ash down a soil profile under simulated spring 
rainfall condition was estimated in this chapter, the major findings are summarized as 
follows: 
1. Both NH4-N and NO3-N were detected in the soil pore water; the amount of 
NH4-N predominated over NO3-N throughout the incubation period. 
2. Mineral N in pore water followed closely the pattern of NH4-N but the pattern 
differed considerably among the layers. In the 0-10 and 10-20 cm layers, 
mineral N decreased progressively with time and became stabilized after the 
addition of 420 mm water. A reverse pattern was found for the 20-30 cm layer, 
where mineral N in pore water increased steadily with the addition of water 
throughout the experiment. After the addition of 10,572 ml water, which is 
equivalent to 540 mm rainwater in spring, the mineral N content of pore water 
in the 0-10 and 10-20 cm soil layers decreased by 23% and 60%, respectively, 
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while that of the 20-30 cm layer increased by 49%. 
3. The amount of mineral N in pore water of ash-covered soil was not different 
from that of the bare soil. Thus, the addition of ash had no effects on mineral N 
content of the pore water. 
4. After the addition of 540 mm of water, the amount of mineral N lost in leaching 
averaged 9.74 kg ha"^  for bare soil and 9.71-10.86 kg ha] for ash-covered soil, 
which was equivalent to 0.18-0.20% of the total N reserves in soil. The 
magnitude of N leaching appeared to be higher in soil covered with ash that had 
been heated at 40(fC than 200°C and 60(fC. 
5. The amount of mineral N leached from ash averaged 0.33-1.12 kg ha"^ being 
commensurate with N contained in ash. Part of the leached N could have 




7.1 Summary of major findings 
The present study investigated the effects of heating on a frequently burnt soil and 
vegetation, as well as soil processes in a post-heating environment. The specific 
objectives are fourfold: (a) to examine the effect of heating temperatures and durations 
on vegetation; (b) to investigate the separate effects of heat and ash on the properties of 
a frequently burnt soil; (c) to investigate the mineralization of N and P on soils heated 
at different temperatures and durations; and (d) to examine how mineral nitrogen 
contained in ash responds to simulated rainfall. Vegetation and soils were collected 
from Grassy Hill in the New Territories of Hong Kong, heated at 200°, 300°, 400°, 
500° and 600°C , each for 1, 5 and 15 minutes. The heated soils and ashes were 
analyzed chemically to elucidate the effects of heating, and subject to incubation and 
leaching treatments to monitor the dynamics of N and P in soil. 
Heating caused a series of changes in the properties of the ash. The pH of the 
ashes increased with heating temperatures and durations; it increased from 5.01 at 
200°C for 1 minute to 9.52 at 600 for 15 minutes. Heating reduced ash weight, 
organic carbon, TKN and TP progressively. When heated at 600 for 15 minutes, the 
oven-dried weight of vegetation decreased by 81% and 89% of organic carbon, 91% of 
TKN, and 83% of TP in the grass vegetation were volatilized to the atmosphere. 
Heating mineralized cations in the grass but the amount of mineralized cations 
decreased with the intensity of heating. For example, heating the grass at 200 for 1 
minute mineralized 8.9% K, 34.2% Na, 30.5% Ca and 25.9% Mg in the vegetation. 
The corresponding values were reduced to 6.9%, 14.2%, 14.0% and 10.6% when the 
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vegetation was heated at 600 for 15 minutes. Part of the organic nitrogen in the 
grass was converted to NH4-N and NO3-N during heating. NH4-N and NO3-N contents 
in the ashes were significantly higher at 200 ®C and 300 than at higher temperatures. 
The pattern of PO4-P was reversed, which decreased at 200 and 300 but rose 
thereafter. 
When the soils were subject to heating, reaction pH dropped gradually from 4.6 
(control) to the minimum of 4.0 (300 for 15 minutes). Thereafter, pH of the heated 
soils rose gradually until reaching the maximum of 5.1 at 600 for 15 minutes. 
Heating reduced SOM, TKN and exchangeable K, Na, Ca and Mg in the soils and the 
magnitude of reductions was commensurate with heating intensity. Up to 68% of SOM, 
46% of TKN, 45% of exchangeable K, 60% of exchangeable Na, 42% of 
exchangeable Ca, and 30% of exchangeable Mg were lost when the soils were heated 
at 600 for 15 minutes. Total P in the soils was not altered by heating. Heating 
resulted in NH4+ and P04' flushes in the soils, and the highest increase coincided with 
heating at 300°C for 15 minutes for both elements. NO3-N was barely detected in the 
heated soils, as in other soils in the territory. 
Ash produced from the heating of grass enriched the soils with nutrients. Overall, 
SOM and NH4-N contents in the vegetation-covered soils were higher than the bare 
soils by a maximum of 67% and 165%, respectively. The highest increase coincided 
with heating the grass at 600°C for 15 minutes for SOM, 400°C for 15 minutes for 
TKN, and 500°C for 1 minute for NH4-N. The effects of ash on soil PO4-P and 
exchangeable cations were even more conspicuous than SOM and NH4-N. For 
instance, the ash-covered soils contained up to 14 times more PO4-P and 2-5 times 
more exchangeable cations (K, Na, Ca and Mg) than the bare soils. The effect on 
PO4-P was most obvious when the vegetation-covered soils were heated at 200°C for 5 
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minutes. For exchangeable cations, the highest increases coincided with heating at 
600°C for 15 minutes. On the other hand, the effect of ash on TKN was insignificant. 
There exists a close relationship between heating temperature and duration; they 
tend to complement each other in the magnitude of effects. Prolonging heating 
duration of a particular temperature can produce results similar to shorter heating 
duration of a higher temperature. For instance, heating the grass vegetation at 200°C 
for 15 minutes had resulted in similar organic carbon and TKN levels in the ashes 
compared to heating at 300 for 1 minute. 
N mineralization was detected in the heated soils incubated at 28 under field 
capacity moisture conditions. Heating at 200° and 400 resulted in a bimodal pattern 
of N mineralization in the heated soils. Net N mineralization was highest in the 1 st 
week and declined exponentially from the 2nd to 3rd week onwards. N immobilization 
became conspicuous in the 4th to 6th week until being superseded by a second but 
lower peak of N mineralization in the 7th to 9th week. N mineralization was enhanced 
by heating the soils at 200 °C and 400 °C，but reduced at 600 When the heating 
temperature was raised to 600 °C，N immobilization dominated the soils from the 1 st 
week of incubation. This trend continued into the 7th week of incubation when N 
mineralization occurred again. Ash reduced N mineralization in the heated soils, 
probably due to wider C: N ratios, volatilization of mineral N and lowered moisture 
levels. 
P immobilization predominated over mineralization during the 1st week of 
incubation for all the treatments, but the magnitude of immobilization declined 
thereafter. Immobilization of P was higher at 600 than at 200 and 400 Ash 
intensified P immobilization, probably due to the formation of Ca-phosphate complex 
in the soils. 
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Heating the soils at 200 and 400 °C stimulated N mineralization while heating 
at 600 °C suppressed it. The effect of heating intensity on P mineralization in the soils 
was less conspicuous although P immobilization was less vigorous in soils heated at 
200° and 400°C than at 60(f C. The addition of ash had no positive effects on N and P 
mineralization, as was anticipated. 
In the leaching experiment, the movement of mineral N down the ash-covered 
soils was examined by adding water to the PVC columns. The total volume of water 
added was equivalent to the average spring rainfall received in Hong Kong. NH4-N 
and NO3-N were detected in the pore water of the soils; NH4-N predominated over 
NO3-N throughout the study period. Mineral N was translocated down the profile by 
percolating water, resulting in the accumulation of NH4-N and NO3-N at the 20-30 cm 
layer. The amount of mineral N in pore water of the top 20 cm layer decreased with 
time and became stabilized after the addition of 420mm rainwater. Ash did not 
increase mineral N in the pore water, probably due to the low concentrations of N in 
the ash and its rapid leaching from the soil columns. Mineral N was leached out of the 
ash by percolating water; the intensity of leaching was commensurate with the content 
of N in the ash. The leaching loss of mineral N ranged from 9.71 kg ha] in the control 
to the maximum of 10.86 kg ha] in the ash-covered soil (400 for 1 minute). In other 
words, up to 1.1 kg N ha'^  were leached from the ash and ash-induced mineralization. 
7.2 Clarifying some misconceptions about the effect of fire 
From the results of this study, several misconceptions about the effects of fire 
pertaining to the local environment can be clarified. One misconception is that fires 
always increase alkalinity of a soil (Yau 1996; Marafa 1997). We found a decrease of 
pH when the soils were heated at 200° and 300 and pH increased only when the 
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heating temperatures were raised to 400 or above. Similar results were obtained in 
the heating of vegetation-covered soils. Thus, the heat generated from low-intensity 
heating at 200° and 300 °C were insufficient to combust the acids in the soil. This can 
happen on grassy slopes that are burnt annually as a result of grave sweeping during 
the Ching Ming and Chung Yeung Festivals. Because of this, the fiiel load on grassy 
slopes is usually small and can only support low-intensity fires. Whether this 
phenomenon is also a cause of soil acidity in the local environment warrants further 
investigation. 
Heating is a mineralizing agent for soil nutrients. The amount of cation nutrients 
contained in soil and ash should increase with the heating intensity and duration of a 
fire. There are many reports on the increase of cation nutrients after fire (e.g. Khanna 
and Raison 1986; Tomkins et al. 1991). In the present study, nutrients contained in the 
soils and grass was also mineralized. However, the amount of nutrients in the ash and 
soil actually decreased with heating intensity. The higher the temperatures of heating, 
the greater will be the fixation of cations with other elements or fusion with clay 
particles. While some of these fixed nutrients are rendered unavailable to plants, its 
long-term implications on nutrient-supplying capacity of the ecosystem merit our 
attention. 
It is extensively reported in the literature that ash provides the soil with readily 
decomposable substrate and stimulates mineralization processes (e.g. Olear et al 1995; 
Wilson et al 2002). In the present study, net N mineralization was higher in the bare 
soil than ash-covered soil. One possible explanation is the widened C: N ratios in the 
vegetation-covered soil, which inhibits mineralization. The widened C: N ratios could 
be a sign of incomplete combustion of the grasses within the temperature range of 
300°-600°C selected for this study. Complete combustion should have removed all the 
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carbon in the vegetation, resulting in the formation of white ashes dominated by metal 
oxides. Grass litters are also dominated by carboniferous materials, a point also 
observed by Marafa (1997). Hence, the widened C: N ratios after heating is not 
favorable to N mineralization. This situation will change when there is complete 
combustion of the grass vegetation or when the C: N ratio is narrowed by general 
purpose microorganisms. The dominance of P immobilization after heating is also 
resulted due to the fixation of mineral P by Ca in the ash. 
The leaching of mineral N in fire-affected areas in Hong Kong was found to be 
insignificant in spring (Yau 1996; Marafa 1997). In contrast to these studies, about 
9.7-10.9 kg N ha'i were leached from the ash-covered soils. The discrepancy was 
probably caused by different rainfall regimes between the studies. Yau (1996) and 
Marafa (1997) examined leaching loss by the in situ core incubation method during 
selected period of a particular season. Subsequently, the amount of rainfall 
encountered during the incubation period (14 days) in spring was 0.35 mm day"\ 
which was much lower than the Hong Kong average spring rainfall of 6 mm day"' in 
the present study. Thus, the leaching of mineral N in fire-affected areas is estimated to 
be substantial with the occurrence of spring rainfall. 
7.3 Estimated losses of N and P from heating 
Many nutrients are lost directly to the atmosphere through volatilization 
during burning and indirectly through leaching after fire. This section attempts to 
quantify the effect of heating on the N and P budgets of the grass ecosystem. Several 
assumptions were made in making these estimations. Firstly, heating loss of N and P 
was assumed to have occurred uniformly from the surface 1 cm soil. This is possible 
because soil is a poor conductor of heat and fire effects are confined to the uppermost 
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layer. Secondly, the estimated budgets were good for the top 30-cm soil based on 
results obtained from the leaching experiment. 
Table 7.1 summarizes the loss of N and P from heating of the vegetation and soils, 
as well as from leaching by simulated spring rainfall. As shown in the leaching 
experiment (see Chapter 6), percolating water accounted for an average loss of-0.03 
kg N ha.i to 1.12 kg N ha'^  from the 30-cm soil. Heating the vegetation at 400°C 
appeared to result in higher leaching loss of N than any other temperatures. There was, 
however, no leaching loss of P from the soils partly due to its fixation by Al in the 
strongly acid soil. 
The losses of N and P via volatilization were much higher than from leaching. 
The volatilization loss of N from the vegetation-covered soil increased from 0.3 kg 
ha] (200。C for 1 minute) to 116 kg ha' (600。C for 15 minutes). Considering that 400 
kg N ha'' year"' is required for tropical vegetation growth (Bradshaw 1983), the loss of 
N due to volatilization is substantial. The loss of P was much lower than N. When the 
vegetation-covered soils were heated at 600°C for 15 minutes, only 0.79 kg P ha"^  was 
lost into the atmosphere. 
The total loss of nutrients from volatilization and leaching averaged 0.71-116.3 
kg ha"' for N and 0.23-0.79 kg ha] for P in the 30-cm soils. These amounts constituted 
0.01-2.1% of the total N and 0.01-0.05% of the total P reserves in soil. Of course, these 
estimates have not included losses in particulate movement of ashes caused by wind 
erosion. Although the effect of wind on ash is usually "redistribution" rather than 
"removal" (Grogan et al 2000), the situation in Hong Kong is different. The territory 
is small in area and most of the fires are patchy in distribution. Ashes stirred up by 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































the ecosystem. The loss of 0.01-2.1% total N from the soils is substantial although part 
of it can be replenished by N2 fixation, wet and dry depositions and litter 
decomposition. 
7.4 Nutrient supplying capacity of soils after heating 
In Hong Kong, Marafa (1997) has investigated the immediate and short-term 
effects of fire on nutrient supplying capacity ofkrasnozem derived from volcanic tuffs. 
There is a flush of NH4-N immediately after fire, which is beneficial to rehabilitation 
planting in spring. This section attempts to differentiate the nutrient supplying 
capacity of soils heated at different temperatures. 
Table 7.2 shows the chemical properties of the unheated bare soils and 
vegetation-covered soils heated at low and high intensities. Low heating intensity 
refers to heating of the soils at 200M00°C for 1,5 and 15 minutes, and 500-600 for 
1 and 5 minutes. High heating intensity refers to heating at 500°C and 600 for 15 
minutes. This classification is based on the degree of SOM being affected upon 
heating and the threshold level was set at 3%, below which is a result of high intensity 
heating while above is a result of low intensity heating. The threshold level of 3% is 
used because SOM content lower than 3% is regarded as inadequate in most soils 
(Landon 1991). 
The nutrient supplying capacity of the vegetation-covered soil after heating is 
different from the unheated bare soil. Low intensity heating generally lowered pH of 
the soil from 4.59 to 3.92-4.64, while high intensity heating raised it to 4.91-5.35. Thus, 
acidity of the local soils can only be moderated by high intensity heating at 500° and 
600。C for 15 minutes. There are two implications pertaining to this finding. Firstly, the 
strong acidity of the local soils (pH<5) can probably be sustained by low intensity 
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heating that is commonly associated with annual bums. Secondly, even though high 
intensity heating can reduce soil acidity, the resultant pH (4.91-5.35) is well outside 
the optimal range of 5.5-7.0 for plant growth. 
High intensity heating reduced SOM contents (2.91-3.26%) of the 
vegetation-covered soil to a greater extent than low intensity heating (3.47-6.07%). 
This is expected because organic matter is oxidized during heating. As organic matter 
is a storehouse of nitrogen in unfertilized soils, TKN was lowered irrespective of 
heating intensities. The magnitude of reductions was greater in high intensity heating 
(0.16-0.20%) than low intensity heating (0.22-0.28%). There was a flush of NH4-N 
after heating and the increase appeared to be higher in low intensity heating 
(10.49-64.5 mg kg" )^ than high intensity heating (19.66-34.53 mg kg'^). This finding 
was supported by the fact that NH4+ flush was most conspicuous in the soil heated at 
400°C (see Chapter 4). While NO3-N was barely detected in the bare soil, heating led 
to the formation of nitrate in the ash-covered soil although the amount was negligible, 
and marginally lower in low intensity heating (0-0.23 mg kg'】）than high intensity 
heating (0.37-0.50 mg kg"'). Total phosphorus content of the soils was comparable 
between the low intensity heating (44.1-59.3 mg kg'' ) and high intensity heating 
(49.0-55.0 mg kg])，yet these values were much lower than the optimal levels of 
200-1,000 mg kg-i recommended for plant growth (Table 7.2). Heating led to a 
decrease of cation nutrients (K, Na, Ca and Mg) and the magnitude of decrease was 
greatest when the soils were heated at 600°C for 15 minutes. Due to the heating effect, 
the amount was well below the optimal levels recommended for plant growth. 
It is thus clear that heating intensity exerts different effects on chemical 
properties of the soil. Most of these effects are beneficial to the soils although they are 





























































































































































































































































































































































































































































































































































































































































































































































































and TKN in the soil, low intensity heating is preferred to high intensity heating in 
Hong Kong. After low intensity heating, the resultant soils still contain adequate levels 
of SOM (3.47-6.07%) and TKN (0.22-0.28%), which are comparable to soils 
supporting the luxurious growth of feng shui woods in the territory. The rehabilitation 
planting of trees immediately after fire should pose no problem as far as nutrient 
supply is concerned. 
7.5 Why are repeatedly burnt areas reduced to grassland? 
The study area in Grassy Hill is a frequently burnt area; ecological succession of 
the vegetation is arrested at the grassland stage. This is a common occurrence where 
the interval between fires is less than one to two years (Hodgkiss 1981). Other areas 
experiencing frequent fires, such as Tai Mo Shan, are also dominated by species-poor 
grass communities. Although this phenomenon is well known in Hong Kong, the 
underlying causes are not well understood. 
Two major factors can affect vegetation succession, namely the lack of soil 
nutrients for plant growth and the limitation of vegetation materials in a degraded site. 
The most important factor arresting ecological succession in the territory is hill fire 
ignited by country park visitors and grave worshippers (Au 2001). In Hong Kong the 
typical grassy slopes contain 14 (Yau 1996) to 31 native species (Thrower and 
Thrower 1986), depending on the frequency of fire. 
Unlike borrow areas and eroded badlands where the soils suffer from low fertility, 
the soils in Grassy Hill contain adequate organic matter and TKN (Table 7.2). The high 
organic matter content of the soils is partly sustained by the grasses that are also 
prolific litter producers. These annual grasses die off in winter, contributing large 
quantity of litter to the soil. The decomposition rate of grass litters is believed to be 
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slower than tree litters, resulting in accumulation of soil organic matter. This explains 
why the Tai Mo Shan area in Hong Kong, of which Grassy Hill is a part, is reduced to 
grassland by frequent burning and why the community is poor in species diversity. 
This phenomenon is also noted by Marafa and Chau (1999) in their study of post-fire 
N mineralization in Tai Mo Shan. Thus, it is fairly safe to surmise that nutrients are not 
a limiting factor to tree growth in Grassy Hill; instead, the lack of sufficient vegetation 
propagules and an exposed environment are inhibiting the regeneration of forests. 
Consequently, ecological succession is arrested at the grassland stage by high 
frequency fires. 
7.6 Implication on the restoration of fire-affected areas 
Restoration refers to the return of a disturbed ecosystem to its original state 
(Bradshaw 1996). According to Aber's (1987) model of land disturbance, the effect of 
fire on ecosystem is classified as a kind of vegetation destruction. It is an example of 
moderate disturbance whereby only the vegetation is removed, while the soil profile 
remains intact. What measures should be carried out to restore this kind of disturbed 
ecosystem bearing in mind vegetation materials, such as seeds, rootstocks and root 
suckers, may be present in the degraded soils? The current practice adopted by AFCD 
is to pit plant tree saplings directly on the fire-affected sites with the addition of 
fertilizers. Reforestation is needed because the established woodlands are more 
complex in structure and can reduce fire risk. The question is: can a better strategy be 
adopted for the reforestation programme? 
There is no simple answer to this question. As aforesaid in section 7.5，the lack of 
vegetation materials is likely more critical than soil fertility in affecting tree growth on 
the grassy slopes. It is thus appropriate to practice enrichment planting by adding tree 
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saplings to the site. It was found that ashes can enrich the soils with organic matter 
(incompletely combusted grass litters), total P，NH4-N, NO3-N, PO4-P and cation 
nutrients. It is a bonus to ecological rehabilitation if the use of these ashes can be 
optimized. Owing to manpower and financial constraints, reforestation of 
fire-disturbed sites is not usually carried out immediately after fire. This results in the 
loss of nutrients in leaching and by wind erosion. In order to conserve nutrients and 
prevent pollution, it would be wise to revegetate fire-affected areas as quickly as 
possible and the best time for re-vegetation is early spring, which also coincides with 
the end of the fire season. Marafa (1997) finds that N immobilization in burnt soils is 
most vigorous one year after fire. The current practice of reforestation one year after 
fire should be avoided because the saplings will have to compete with the microbes for 
nitrogen. 
Another concern in the restoration of fire-disturbed areas is the choice of species. 
In order to overcome the shortage of nitrogen, N2-fixing species, such as Acacia 
confusa, Acacia auriculiformis and Acacia mangium are preferred to non-legumes. 
They are exotic pioneer species that are fast-growing and adaptable to the 
nutrient-poor environment. The soils under investigation are deficient in N only when 
they are subject to high intensity heating (500°C and 600°C for 15 minutes). Is the use 
of exotic species appropriate in the revegetation of fire-affected sites? As a result of 
lobbying by environmental groups, the use of native species in rehabilitating 
fire-affected areas is becoming popular. Although native species are perceived as 
slow-growing, nutrient demanding and incapable of coping with the unfavourable 
conditions of a fire-disturbed site, their performance in an open area in Costa Rica is 
satisfactory (Butterfield and Fisher 1994). In a mitigation planting project in Hong 
Kong, the survival rates of some native species are found to be high. For example, 
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after planting the sapling for four years, the survival rates for Reevesia thyrsoidea and 
Schima superba are 70.5% and 70%, respectively, and are comparable to many exotic 
species (Chan 2001). Providing that the restoration is accompanied by modest erosion 
prevention measures, there is no reason why native tree species should not be planted 
in Grassy Hill, where the soils contain adequate SOM and TKN. 
7.7 Limitations of the study 
In this study, all experiments were undertaken under controlled conditions in the 
laboratory. This approach was adopted to control precisely the heating temperatures 
and durations, as well as to differentiate the effects between heat and ash. Inevitably, 
the approach entails problems of dissimilarity with the real environment. 
The grasses used in the heating experiment were ground and passed through 2-
mm sieve prior to heating. The grinding of vegetation had undoubtedly facilitated the 
combustion process but exaggerated the heating effects. Despite grinding of the 
vegetation, the ashes derived from heating were largely black in colour and resembled 
those in the field. The black colour is likely a sign of incomplete combustion 
notwithstanding the maximum heating intensity at 600°C for 15 minutes. 
In this study, the effect of fire was simulated by heating the grasses and soil in a 
pre-heated muffle furnace. As the heat of a real fire comes from the top of the soil, that 
in the muffle furnace comes from the surrounding walls. Hence, the heating 
environment in this study might be different from a real fire. 
A technical difficulty was encountered in the heating of vegetation-covered soil 
in the muffle furnace. It is virtually impossible to separate the ash from the soil after 
heating; hence they were homogenized for chemical analysis. The nutrient contents of 
the vegetation-covered soils could have been overestimated without removal of the 
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ash although in the natural environment the ash and soil are also inseparable. 
Net N and P mineralization in the heated soils were examined after incubating 
them at 28°C under field capacity moisture conditions. It was found that 
mineralization measured in laboratory incubations is higher than those measured in the 
field as a result of optimal temperature and soil moisture conditions (Piccolo et al 
1994). The applicability of these findings to real environment is thus undermined. 
Owing to manpower and time constraints, the samples were only incubated for 1, 3, 6 
and 9 weeks. Had the study period been prolonged to 13 weeks (i.e. within one season 
after fire), the results could have been more complete and comprehensive. 
In the leaching experiment, the soils collected from the study site were sieved, 
homogenized and repacked into a 30-cm PVC column. We have taken into 
consideration different bulk densities of the soil layers and their packing order to 
reduce experimental errors. Owing to the destruction of soil structure by sieving, the 
movement of water down the profile highly likely be different from that of an 
undisturbed soil. Furthermore, the leaching loss of mineral nitrogen could have been 
overestimated in the absence of plant uptake. 
7.8 Suggestions for future research 
The main theme of this study was to examine the effects of heat on the vegetation 
and soil of frequently burnt grassland in Hong Kong, and the dynamics of N and P after 
heating. The volatilization loss of nutrients from the soil and vegetation upon heating, 
leaching loss of N by percolating water, as well as net N and P mineralization of the 
heated soils were estimated. While the findings have bridged a few knowledge gaps in 
fire ecology, many questions remained unanswered. 
This study has investigated the properties of ash derived from the heating of 
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grasses at different temperatures and durations. Since the study was carried out in the 
laboratory, it is worthwhile to investigate the properties of ashes collected from the 
field. These ashes shall cover a wider range of vegetation, including ground covers, 
grasses, shrubs and trees. Besides loss in leaching, the nutrients contained in ash are 
also subject to wind erosion. Will the winds remove or redistribute the ash from the 
burnt site? Most of the hill fires in Hong Kong are believed to be of low-intensity type, 
leaving behind large amount of semi-combusted vegetation materials or ashes. The 
turnover of nutrients contained in these materials merits further research because of 
two reasons. First, they act as an effective cover of the combusted site, producing a 
mulching effect to the germinating seeds and resprouting root suckers. Second, they 
contain substantial amount of nutrients that are of vital importance to the nutrient-poor 
environment. 
Heating also exerts a significant effect on physical properties of the soils, which 
was not investigated in this study. Possible alterations include an increase in the sand 
portion of soil, the destabilization of soil structure and the formation of a hydrophobic 
layer in soil (Giovannini et al 1990; Giovannini and Lucchesi 1997; Debano 1998). 
The change of these physical properties not only affects nutrient status of the soil but 
also movement of water in the soil profile. 
Another parameter not investigated in the present study is the effect of heating on 
microbes and their activities in the soil. Although N and P mineralization after heating 
were part of the current study, how soil microbial numbers and activities change with 
heating intensity is not clear. Singh et al (1991) find that the effect of fire on microbial 
community is strongly dependent on fire temperature. The differences of microbial 
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Appendix 5.1 Net ammonification rate of different heating treatments 
(kg ha] day"') (n=5) 
(a) Bare soil 
Net NH4-N Time after heating 
kg ha'' day'' 1st week j 2nd-3rd week j 4th-6th week j 7th-9th week 
Unheated 0.496' j 0.138' | -0.047'' | 0.044" 
(9A1.……•.…I (0,1).•..•...••••j (0,0).…….……1 .(0,0)…… 
200°C Imin 0.840^  j 0.012'^  j -0.081' j 0.065^ ' 
(0.0) 1 (0.0) 丨 （0.0) 丨 （0.0) 
200°C Smin 0.948"' j 0.054''' 1 -0.194' j 0.146'' 
(0.3) 1 (0.1) I (0.0) I (0.0) 
200°C 15min 0.360^ ' j -0.06产 j -0.014''' I 0.069''' 
(0.1) i (0 .1 ) . .」 (0.0) j (0.0) 
400°C imin i . ip/ …•…| -0.22i' | -0.i46^ " I 0.16? 
(0.1) I (0.1) 丨 （0.1) 丨 （0.0) 
400°C 5min 1.094'=^  j -0.208' 丨 -0.075"= I 0.098' 
(0.1) I (0.0) 丨 （0.0) I (0.0) 
400°C 15min 0.271" 丨 0.014"* 丨 0.038® j -0.015' 
( 0 . 1 ) I ( 0 . 1 ) , j ( 0 . 0 ) I ( 0 . 0 ) 
600t;"i^iiin 0.21(5^ ' j……-0.067'''......| "6.6W……….j 0M9^ 
(0.1) 1 (0.1) 丨 （0.0) j (0.0) 
600°C 5min -0.127' 丨 -0.089b 丨 _0.007de 丨 0.079bc 
(0.1) I (0.0) I (0.0) 1 (0.0) 
600°C 15min -0.023' 丨 0.056de 丨 -0.014de 丨 ooiga 
(0.1) j (0.0) 丨 （0.0) 丨 （0.0) . 
(b) Vegetation-covered soil 
Net NH4-N Time after heating 
kg ha"' day"' 1st week j 2nd-3rd week j 4th-6th week j 7th-9th week 
Unheated -0.006' i 0.059'' | 0.035" | -0.027"' 
.(0：0)......……j…………..10,1)..…….…1••••..••••••.•(0,0)•"..•••.••..i.………….(0,0}………… 
200°C Imin 0.15''' 丨 0.058" 丨 -0.025e 丨 -0.064a 
(0.2) I (0.1) 丨 （0.0) 丨 （0.0) 
200°C 5min 0.465。 丨 -0.037b 丨 -O.lMab 丨 -0.008b 
(0.2) 丨 （0.1) 丨 （0.0) 1 (0.0) 
2 0 0 ° C 1 5 m i n 0 . 334* ' ' j - 0 . 1 2 4 ' | - 0 . 0 0 5 。 丨 O .OO l b 
CO.l), j (0.0), 丨 （aO) 丨 （0.0) 
4o6°c"i'min 丨 丨 妒 丨 6.62斤 
(0.1) I (0.0) I (0.0) 丨 （0.0) 
400°c Smin 0.293*^  j 0.142"* j -0.144' i 0.00?'' 
(0.2) 1 (0.1) I (0.0) 丨 （0.0) 
400°C ISmin 0.435' 丨 -0.076ab 丨 -0.007' j -0.023''' 
m……•••....i i9.:9L...........i...••.••••....(04…………I………....(0,1} .•....•••_ 
600°C Imin 0.021' j -0.01 产 I 0.03^  I -0.01 T 
(0.1) 丨 （0.0) 丨 （0.0) 丨 （0.0) 
600°C Smin -0.006' j - 0 . 0 丨 -0.024" I 0.012'' 
(0.0) i (0.0) 丨 （0.0) 1 (0.1) 
600°C 15min -0.064' 丨 O.OOpbe I -0.009' 丨 0.01 lb 
(0.0) 丨 （0.0) j (0.0) j (0.0) 
Values in the parentheses represent standard deviations. 
Values within columns showing the same letter are not significantly different according to the 
Duncan's Multiple Range Test. 
Powers of the tests are all >0.8. 
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Appendix 5.2 Net ammonification rate of soils during the nine-week incubation period 
(kg ha] day-') (n=5) 
(a) Unheated 
Unheated 
Incubation fV^G i^^ i 
Time Bare j -covered 丨 t-test 
1st week 0.496 j -0.006 | 
(0.091) I (0.011) I 
2nd-3rd week 0.138 j 0.059 | NS。 
(0.084)丨（0.054) j 
4th-6th week -0.047 | 0.035 | *** 
(0.019) i (0.024) I 
7th-9th week 0.044 j -0.027 | 
(0.022)丨（0.034) j 
(b) 200°C 一 
Imin 5 mm 15 mm 
Incubation j Vegetation j I Vegetation j I Vegetation j 
Time Bare j -covered j t-test Bare j -covered j t-test Bare i -covered j t-test 
1st week 0.840 j 0.150 j *** 0.948 | 0.465 j ** 0.360 j 0.334 1 NS^ 
( 0 . 0 2 8 ) 丨（ 0 . 2 0 5 ) I ( 0 . 2 6 4 ) 丨 （ 0 . 2 2 8 ) 丨 （0.133) j ( 0 .054 ) | 
2nd-3rd week 0.012 | 0.058 j NS^ 0.054 j -0.037 | NS*^  -0.061 j -0.124 | NS*^  
(0.046)丨（0.058) I (0.125)丨（0.052)丨 （O.OTO)丨（O.CHO) | 
4th-6th week -0.081 丨-0.025 丨 NS® -0.194 | -0.114 j * -0.014 丨-0.005 丨 NS。 
(0.042) I (0.039)丨 （0.049)丨（0.022)丨 （0.009)丨（0.038) j 
7th-9th week 0.065 | -0.064 j *** 0.146 | -0.008 | *** 0.069 | 0.001 | ** 
(0.032) I (0.034) I (0.033) | (0.026) ; (0.030) j (0.024) | 
(c) 400。C 
、.Imin 5imn 15min 
Incubation I Vegetation i j Vegetation j j Vegetation j 
Time Bare j -covered j t-test Bare j -covered j t-test Bare j -covered j t-test 
1st week“ 1.197 j 0.468 j *** 1.094 j 0.293 I *** 0.271 j 0 ^ 5 ~ j NS® 
( 0 . 0 5 9 ) I ( 0 . 0 9 2 ) I ( 0 . 0 9 0 ) | ( 0 . 2 1 0 ) 丨 （ 0 . 1 3 9 ) j ( 0 . 0 8 9 ) j 
2nd-3rd week -0.221 | -0.012 | *** -0.208 | 0.142 | *** 0.014 | -0.076 | * 
(0.081)丨（0.028) I (0.034) | (0.087) | (0.059)丨（0.045) | 
4th-6th week -0.146 j -0.099 | NS。 -0.075 丨-0.144 j *** 0.038 j -0.007 丨 NS® 
(0.087) I (0.024) I (0.023)丨（0.011) 1 (0.026) j (0.035) j 
7th-9th week 0.161 | 0.026 I *** 0.098 | 0.007 i ** -0.015 | -0.023 j NS。 
( 0 . 0 2 8 ) 丨 （ 0 . 0 3 8 ) i ( 0 . 0 4 5 ) 丨 （ 0 . 0 4 2 ) j ( 0 . 0 1 1 ) 丨 （ 0 . 0 6 3 ) I 
(d) 600°C 
Imin 5min ISmin 
Incubation 丨•egetation 丨 i Vegetation j 丨 Vegetation j 
Time Bare I -covered j t-test Bare 丨-covered 丨 t-test Bare 1 -covered I t-test 
1st week^ 0.216 j 0.021 丨 *** -0.127 丨-0.006 丨 NS。 -0.023 丨-0.064 丨 NS。 
(0.053)丨（0.070)丨 （0.H1)丨（0.024)丨 （0.051) | (0.027) j 
2nd-3rd week -0.067 j -0.011 | NS^ -0.089 | -0.017 | NS^ 0.056 I 0.009 j ** 
(0.052) I (0.044) j (0.033) i (0.013) j (0.024) j (0.015) j 
4th-6th week 0.002 丨 0.030 丨 * -0.007 丨-0.024 丨 NS^ -0.014 丨-0.009 丨 NS。 
(0.022) I (0.010) I (0.009) | (0.030) | (0.012) | (0.005) I 
7th-9th week 0.049 | -0.011 | ** 0.079 | 0.012 | * -0.015 | 0.011 | *** 
(0.035)丨（0.017)丨 （0.018)丨（0.060) j (0.004) | (0.005) j 
t-test significance level between bare and vegetation-covered soil: •p<0.05; **p<0.01; ***p<0.001; NS: 
Not significant. 
Powers of the tests are >0.8 unless otherwise specified,六 power = 0.6-0.8; ® power = 0.4-0.6; ^  power < 
0.4. 
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Appendix 5.3 Net nitrification rate of different heating treatments (kg ha"' day') (n=5) 
(a) Bare soil 
Net NO3 N Time after heating 
kgha' i day' 1stweek 1 2nd-3rdweek | 4th-6thweek I 7th-9thweek 
Unheated 0.021' j 0.011' j -0.007' | -0.005'' 
(；0.0]3}. I .... i ( 0 . 0 0 j _ ....(0：001) 
2 0 o € i m i n 0.006"" | O'.O? j -0.007' j• •••.•"-O'.OO?' 
(0.002) I (0.002) ! (0.002) 丨 （0.001) 
200°C 5min 0.01'^  丨 0.019b i .q.oo?" | -0.006"^  
(0.005) 丨 （0.004) 丨 （0.003) 丨 （0.002) 
200°C ISmin 0.012"^ | 0.015''' I -0.004^ I -0.008' 
(0.008) I (0.003) i (0.001) j (0.002) 
bioi?^ '•••..•"••j •"•••••••I..........."•••".1••••••••••-o.bo?^ '••..•••••• 
( 0 . 0 0 7 ) j ( 0 . 0 0 5 ) 丨 （0 . 001 ) I ( 0 . 0 0 1 ) 
400r 5min 0.012"'^  丨 0.015ab | -0.003'' 丨 -0.0073* 
(0.004) ！ (0.003) j (0.002) j (0.001) 
400°C ISmin 0.013"'"= | 0.017''' 丨 -0.005ab | -0.005'"= 
(0.004) j (0.002) i (0.002) 丨 .(0.001〉 
0.01?"^ ..•••""•j oToi"?•••"•••..|•••••.•".•••••.…[•••..•"•-0.00?' ••••• 
(0.005) j (0.008) 丨 （0.003) 丨 （0.003) 
600t 5min 0.019& j 0.016''' i -0.007' | -0.002。 
( 0 . 0 0 6 ) 丨 （0 . 004 ) I ( 0 . 0 0 4 ) | ( 0 . 0 0 3 ) 
600°C 15min 0.019'"^  j 0.016''' I -O.OOr | 
(0.008) 丨 （0.006) 丨 （0.002) j (0.002) 
(b) Vegetation-covered soil 
NetNCVN Time after heating 
kgha' i day'' 1st week j 2nd-3rd week | 4th-6th week | 7th-9th week 
Unheated 0.025。 j 0.014" | -0.008' | -0.005® 
(0.015) i (0.00 巧 i 1(0.0011 i (0.001)[ 
26or"imii；' 0.021"^  i 0.01? 1.•….•….….…j•.••"•.•."iToo?" 
(0.002) ！ (0.003) 丨 （0.002) j (0.002) 
200°C 5min 0.020"' 丨 0.006bed 丨 -0.004a 丨 005a 
(0.003) j (0.003) j (0.004) 丨 （0.003) 
200°C ISmin 0.020^ | 0.004^ 丨 -0.001^。丨 -0.005a 
(0.004) 丨 （0.003^ 丨 ！[0.004} j (0.003) 
4 0 6 ° c " l m i n o " o i r j OTOOO'^ '……| . " • • " . . . j … … … . • . . • . • • . . . 
(0.003) 丨 （0.005) 丨 （0.007) 丨 （0.006) 
400°C 5min 0.015*' j 0.003'^ '^  | 0.006'' 1 -0.003' 
(0.002) I (0.007) i (0.006) ! (0.003) 
400°C I S m i n 0.014^ j 0 . 0 0 6 - | 0.006*=^ | -0.005' 
(0.003) 丨 （0.003巧 丨 ！(O.O：?!^^ I. .(0.005) 
i s i i o r ' T m b o " o r ? " I oTooo'^"•••.•""•| 6 " o o ? [•……… 
(0.003) j (0.006) 丨 （0.004) 丨 （0.004) 
600°c 5min 0.005' I 0.01 产 I -O.OOl"' j 0.004^ ' 
(0.005) 丨 （0.003) 丨 （0.008) | (0.008) 
600°C ISmin 0.002" | 0.009''^ ' j -0.00产 丨 0.006c 
(0.006) i (0.002) 丨 （0.008) 丨 （0.007) 
Values in the parentheses represent standard deviations. 
Values within columns showing the same letter are not significantly different according to the 
Duncan's Multiple Range Test. 
Powers of the tests are all >0.8. 
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Appendix 5.4 Net nitrification rate of soils during the nine-week incubation period 
(kg ha-丨 day"') (n=5) 
(a) Unheated 
Unheated 
Incubation jVegetation I 
Time Bare j -covered j t-test 
1st week 0.021 j 0 . 0 2 5 j NS^ 
(0.013)丨（0.015) I 
2nd-3rd week 0.011 | 0.014 I NS^ 
(0.007) I (0.009) I 
4th-6th week -0.007 j -0.008 j ** 
(0.001) 1 (0.001) I 
7th-9th week -0.005 j -0.005 1 NS*^  
^ ^ ^ ^ ^ ^ (0.001) j (0.001) i 
(b) 200"C ” 
Inm 5min 15min 
Incubation 丨 Vegetation 丨 丨 Vegetation 丨 丨 Vegetation j 
Time Bare j -covered j t-test Bare j -covered j t-test Bare ; -covered ； t-test 
1st week 0.006 j 0.021 j *** 0.010 j 0.020 j ** 0.012 j 0.020 j NS^ 
(0.002) I (0.002)丨 （0.005) | (0.003) j (0.008) | (0.004) | 
2nd-3rd week 0.020 I 0.015 ! * 0.019 | 0.006 | * 0.015 | 0.004 j * 
(0.002)丨（0.003)丨 （0.004)丨（0.003)丨 （0.003)丨（0.003) j 
4th-6th week -0.007 | -0.006 丨 NS^ -0.007 丨-0.004 丨 NS。 -0.004 丨-0.001 丨 NS。 
(0.002) I (0.002) I (0.003) | (0.004) | (0.001) j 0.004 j 
7th-9th week -0.005 j -0.005 I NS^ -0.006 丨-0.005 | NS^ -0.008 | -0.005 丨 * 
^ ^ ^ ^ ^ ^ (0.001)丨（0.002)丨 （0.002) j (0.003) | (0.002) j (0.003) j 
(c) 400°C 
I j ^ ” …….？.?^!)^  ISmin 
Incubation 丨 Vegetation 丨 丨 Vegetation j j Vegetation j 
Time Bare j -covered i t-test Bare j -covered ； t-test Bare i -covered 1 t-test 
1st week 0.014 j 0 . 0 1 5 j NS^ 0.012 10.015 j NS^ 0.013 j j NS^ 
(0.007)丨（0.003) i (0.004)丨（0.002) | (0.004)丨（0.002) | 
2nd-3rd week 0.013 | 0.000 | ** 0.015 | 0.003 | ** 0.017 | 0.006 j *** 
(0.005)丨（0.005)丨 （0.003) | (0.007)丨 （0.002) | (0.003) j 
4th-6th week -0.004 | 0.003 | NS® -0.003 | 0.006 j ** -0.005 j 0.006 | *** 
(0.001)丨（0.007) i (0.002)丨（0.006)丨 （0.002)丨（0.002) i 
7th-9th week -0.006 丨-0.002 丨 NS。 -0.007 丨-0.003 丨 * -0.005 丨-0.005 丨 NSC 
^ ^ ^ ^ ^ ^ (0.001) I (0.006) j (0.001) I (0.003) j (0.001) j (0.005) j 
(d) 600°C 
•1•袍 15min 
Incubation j Vegetation 丨 丨 Vegetation 丨 丨 Vegetation 丨 
Time Bare | -covered j t-test Bare 丨-covered j t-test Bare j -covered j t-test 
1st week“ 0.015 j 0.015 j NS^ 0.019 j 0.005 j ** 0.019 j " " "0 !002 j ** 
(0.005)丨（0.003)丨 （0.006)丨（0.005) j (0.008)丨（0.006) | 
2nd-3rd week 0.013 1 0.001 \ * 0.016 | 0.011 | * 0.016 1 0.009 | * 
(0.008) I (0.006)丨 （0.004)丨（0.003) | (0.006)丨（0.002) | 
4th-6th week -0.005 丨 0.008 | -0.007 | -0.001 丨 NS。 -0.007 丨-0.001 丨 NSC 
(0.003)丨（0.004) i (0.004) j (0.008)丨 （0.002)丨（0.008) j 
7th-9th week -0.004 | -0.005 丨 NS^ -0.002 丨 0.004 丨 NS。 -0.004 1 0.006 丨 * 
(0.003) j (0.004) I (0.003)丨（0.008)丨 （0.002)丨（0.007) I 
t-test significance level between bare and vegetation covered soil: •p<0.05; **p<0.01; ***p<0.001; NS: 
Not significant. 
Powers of the tests are >0.8 unless otherwise specified,六 power = 0.6-0.8; ® power = 0.4-0.6; ^  power < 
0.4. 
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Appendix 5.5 Net N mineralization rate of different heating treatments (kg ha"^  day'、 
(n=5) 
(a)Bare soil 
~ N e t N mineral ized” Time after heating 
kg ha'' day'' 1st week j 2nd-3rd week j 4th-6th week I 7th-9th week 
Unheated 0.517' | 0.149® | -0.053"* \ 0.039' 
(0.099) j (0.081) j (0.019), j (0.022) 
200r"Tiiiiii' .....…I oToS?^ '•.••."•.| -0.08?'••"..「.. 
(0.028) I (0.046) I (0.041) j (0.031) 
200°C Smin 0.958"® 丨 0.073de 丨 -0.20ia | 0.140'' 
(0.268) 丨 （0.128) i (0.049) j (0.033) 
200°C 15min 0.372卜。 j -0.046^ | -0.017''® I 0 . 0 6广 
( 0 , 1 3 8 ) . …丨 （0.072) I (0.010) j (0.031) 
400€"i"min i i i i 1 -o"268''"••••."•••| '-oTw.………j 0.15?" 
(0.061) I (0.084) 丨 （0.088) 丨 （0.028) 
400t： Smin 1.106®^  丨 -0.193a | .q.o??' j 0.092' 
( 0 . 0 8 7 ) I ( 0 . 0 3 2 ) j ( 0 . 0 2 5 ) | ( 0 . 0 4 5 ) 
4 0 0 t 15mm 0.283'' | 0.031''' 丨 0.033® 丨 -0.020a 
(0,143) ！ (0.060). I (0.026) j (0.012) 
606°c"imin '6"23? j | -oTooF®.••••••••| 0.04? 
(0.051) j (0.057) 丨 （0.024) | -0.036 
600t 5min -0.108' 1 -0.073^ 丨 -0.015de 丨 o.077bc 
(0.108) 丨 （0.034) I (0.010) I (0.018) 
600r 15min -0.005' j 0.072''' j -0.02产 j -0.019' 
(0.050) j (0.026) 丨 （0.013) j (0.004) 
(b) Vegetation-covered soil 
Net N mineralized Time after heating 
kg ha'' day'' 1st week | 2nd-3rd week j 4th-6th week j 7th-9th week 
Unheated 0.019"" j 0.073'' ! 0.027'® | -0.031'' 
(0.117} i (0.059) 1 (0.024) j (0.034) 
oJio^ .......•…j…••.••".oM'^ '•"•.•..’•i.….……-o.oso'^ '……f•."•••...:5:5 硬…….…. 
(0.206) 丨 （0.060) i (0.040) j (0.034) 
200°C 5min 0.485」 | -0.031®''丨 -0.098b 丨 _o.oi2bc 
(0.230) 丨 （0.054) 1 (0.021) 丨 （0.025) 
200r ISmin 0.354"" j -0.121' 丨-0.006"^ | -0.003'"= 
(0.054) i j (0.038)••••••..j 
i o O ^ l i S i i '678? i.………-aOliP……I -0.09?••"••••"j 0".025' 
( 0 . 0 9 1 ) j ( 0 . 0 2 9 ) I ( 0 . 0 2 2 ) I ( 0 . 0 4 2 ) 
400°C Smin 0.308"* | 0.145'^  j -0.138' | 0.004""= 
(0.209) 丨 （0.089) I (0.012) j (0.042) 
400°C 15min 0.449^ 丨 -0.070ab 丨 -0.00产 丨 -0.028曲<= 
(0.088) j (；0.042) I (0.036) 1 (0.067) 
0.036®^  j".•••.••.-O.'OI?'.•••••••••1 0.03? |"••••••.•-O.Ol?^ "••..•.… 
(0.069) 丨 （0.043) i (0.015) 丨 （0.017) 
600°C Smin 0.000''' 丨 -0.006& j -0.025' 丨 0.015bc 
( 0 . 2 4 9 ) 丨 （ 0 . 1 2 9 ) I ( 0 . 0 3 5 ) | ( 0 . 0 4 6 ) 
600°C 15min -0.062" 丨 0.018卜。 j -0.01 产 j 0.017^ '= 
(0.032) j (0.014) j (0.007) 丨 （0.011) 
Values in the parentheses represent standard deviations. 
Values within columns showing the same letter are not significantly different according to the 
Duncan's Multiple Range Test. 
Powers of the tests are all >0.8. 
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Appendix 5.6 Net N mineralization rate of soils during the nine-week incubation 




Time Bare 1 -covered j t-test 
1st week 0.517 j 0 0 1 9 j *** 
(0.099)丨（0.117) i 
2nd-3rd week 0.149 j 0.073 | NS^ 
(0.081) I (0.059) I 
4th-6th week -0.053 | 0.027 | *** 
(0.019) I (0.024) I 
7th-9th week 0.039 | -0.031 I ** 
(0.022) j (0.034) j 
(b) 200°C ” 
Imin 5min 
Incubation j Vegetation j j Vegetation | 丨 Vegetation j 
Time Bare j -covered j t-test Bare j -covered j t-test Bare 丨-covered j t-test 
1st week 0.846 j O m ” I *** 0.958 j 0 4 8 5 ~ | " 0.372 j o ! ^ ~ j NS^ 
(0.028) I (0.206) I (0 .268)丨（0.230)丨 （0.138)丨（0.054) | 
2nd-3rd week 0.032 丨 0.072 j NS^ 0.073 1 -0.031 | NS^ -0.046 丨-0.121 j NS® 
(0.046) 1 (0.060) I (0.128) | (0.054) | (0.072)丨（0.040) j 
4th-6th week -0.088 丨-0.030 丨 NS® -0.201 | -0.098 丨 ** -0.017 丨-0.006 j NS^ 
(0.041)丨（0.040)丨 （0.049)丨（0.021)丨 （0.010) | (0.038) | 
7th-9th week 0.060 j -0.069 | »** 0.140 | -0.012 | *** 0.061 | -0.003 j ** 
(0.031) i (0.034) j ( 0 .033 )丨（0 .025 )丨 （0.031)丨（0.023) j 
(c) 400°C 
I n ^ 5min 15min 
Incubation j Vegetation j j Vegetation 丨 | Vegetation \ 
Time Bare | -covered j t-test Bare j -covered j t-test Bare j -covered j t-test 
1st week 1.211 j 0.483 j *** 1.106 j 0.308 j *** 0.283 j " " "OA^~I NS® 
(0.061)丨（0.091) I (0.087)丨（0.209)丨 （0.143)丨（0.088) | 
2nd-3rd week -0.208 j -0.012 | -0.193 j 0.145 | *** 0.031 j -0.070 | * 
(0.084)丨（0.029) i (0.032)丨（0.089) | (0.060)丨（0.042) j 
4th-6th week -0.150 | -0.096 | NS^ -0.077 | -0.138 | *** 0.033 | -0.001 | NS^ 
(0.088) i ( 0 . 0 22 )丨 （0.025)丨（0.012) | (0.026)丨（0.036) j 
7th-9th week 0.155 丨 0.025 丨 *** 0.092 丨 0.004 丨 * -0.020 丨-0.028 丨 NSC 
(0.028)丨（0.042)丨 （0.045) j (0.042) 1 (0.012)丨（0.067) j 
TdJToo'c 
l i ^ ……； ? „ 15min 
Incubation j Vegetation j I Vegetation j j Vegetation j 
Time Bare j -covered j t-test Bare ： -covered j t-test Bare j -covered 1 t-test 
1st week 0.232 j “ " " " j *** -0.108 | O O O O | NS^ -0.005 i-0.062““j NS® 
(0.051) I (0.069) I (0.108) | (0.249)丨 （0.050) j (0.032) j 
2nd-3rd week -0.054 | -0.010 | NS^ -0.073 | -0.006 | NS^ 0.072 | 0.018 | ** 
(0.057)丨（0.043) I (0.034) | ( 0 . 129 )丨 （0.026) | (0.014) | 
4th-6th week -0.002 | 0.038 | * -0.015 i -0.025 I NS。 -0.021 j -0.011 j NS^ 
(0.024) I (0.015) I (0.010) I (0.035) | (0.013) j (0.007) j 
7th-9th week 0.045 I -0.015 i ** 0.077 I 0.012 I *** -0.019 I 0.017 | *** 
(0.036) I (0.017) j (0.018) j (0.046) j (0.004) j (0.011) | 
t-test significance level between bare and vegetation covered soil: •p<0.05; **p<0.01; ***p<0.001; NS: 
Not significant. 
Powers of the tests are >0.8 unless otherwise specified, �power = 0.6-0.8; ®power = 0.4-0.6; '^ power < 
0.4. 
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Appendix 5.7 Net P mineralization rate different heating treatments (kg ha] d a / ) (n=5) 
(a) Bare soil 
Net PO4 1 Time after heating 
kg ha' day" 1st week j 2nd-3rd week j 4th-6th week ； 7th-9th week 
Unheated -0.005'''' j -0.001"* | 0.000® j 0.000'" 
.(0.003) 丨 （O.OOy i 0.000 丨 O.OOO 
200t imin -0.00?^••"•.".j O.OOF•••••••"•1 -O^ OOi® | 0.000'^  
( 0 . 0 0 5 ) 1 ( 0 . 0 0 3 ) I ( 0 . 0 0 1 ) 丨 （ 0 . 0 0 1 ) 
2 0 0 ° C 5 m i n 0 . 0 0 5 ' ^ | - 0 . 0 0 2 " = ' ' 丨 0 . 0 0 0 ® 丨 O.OOQab 
(0.003) 丨 （0.001) I 0.000 丨 0.000 
200°C 15min 0.009^ | O.OOO" 丨 -0.002de 丨 -0.00” 
(.0.007) 1 (0.003) j (0.001) 丨 0.000 
400°C imin 0.000^ ®^ •••"•••.|…….…lolooi"'^ ••••".•••[ O.OOO® j -0.001' 
(0.011) I (0.001) ! (0.001) i 0.000 
4001 5min 0.022® 丨 0.005' 丨 -0.0 lO" | 0.009'' 
(0.014) 丨 （0.009) 1 (0.005) 1 (0.004) 
400°C 15min -0.059® | -0.009'^  丨 -0.003"^  丨 0.003。 
.(0.007) 丨 （P.002) 丨 （0.002J | (0.001} 
600r"Tmin O.OOF | -O'.OO?'•••••.…I S.OOi"^ ' j OTOO?' 
(0.008) I (0.002) I (0.001) 丨 （0.001) 
6001： 5min -0.045*' | -0.010' I -0.005'"^  | 0.000''' 
-0.010 丨 （0.001) 丨 （0.001) j (0.001) 
600°C 15min -0.014。 丨 - 0 . 0 1 丨 -0.006b j -0.001' 
(0.003) j (0.002) 丨 0.000 丨 0.000 
(b) Vegetation-covered soil 
~ Net PO4-P ^ , “ 
^ Time after heating 
kg ha' day' 1st week j 2nd-3rd week j 4th-6th week j 7th-9th week 
Unheated -0.040"" | O.OOO" | 0.000' | 0.00 产 
,(0.007) i (P.002) 丨 （0.002；^  j (0.003) 
2oo°c"imiii -0.03?"••."••..•|••••……-O.OOl"'^ ••••••…| 0.000' |…••.....-0.00?'^  
(0.009) I (0.002) 丨 （0.002) 丨 （0.002) 
200°C 5min -0.007''' 丨 -O.OOSb"* | -0.002' 丨 -0.002ab 
(0.008) I (0.005) I (0.001) 丨 （0.002) 
200°C I Sm i n -0.002'^ 丨 -0.00产 丨 -O.OOia 丨 -0.004a 
.(0.000 I (0.002) 丨 （0.002；) I (0.002} 
4 0 0 t " T m i n -O.OO?®^'….•…| i -0"002' | -0.004' 
(0.009) 丨 （0.003) 丨 （0.001) 丨 （0.002) 
400°C 5min -0.014'^' | 0.01 r | -0.013' I 0.003''' 
(0.020) I (0.005) 丨 （0.001) j (0.004) 
400°C 15min -0.054''' | -0.012' j -0.006' j 0.001 be 
(.0.009) I (0,002) I (0.002) 1 (0,002) 
Sor'lmin O.OT?' j -0.009'^ •..•••..•1 -o'.obl" j OTOOS" 
(0.006) 丨 （0.005) 丨 （0.002) | (0.003) 
600°C 5min -0.062' | -0.006'" j -0.008b I 0.006'' 
(0.019) I (0.006) 丨 （0.002) 丨 （0.002) 
600°C 15min -0.020'' 丨 -O.OlOab 丨 -0.005' 丨 0.004'*^  
(0.008) j (0.003) j (0.001) j (0.001) 
Values in the parentheses represent standard deviations. 
Values within columns showing the same letter are not significantly different according to the 
Duncan's Multiple Range Test. 
Powers of the tests are all >0.8. 
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Appendix 5.8 Net P mineralization rate of soils during the nine-week incubation period 
(kg ha"' day'') (n=5) 
(a) Unheated 
Unheated 
Incubation f Ve^S ion | 
Time Bare j -covered j t-test 
1st w e e k ~ -0.005 j -0.040 j *** 
(0.003) i (0.007) j 
2nd-3rd week -0.001 1 0.000 I NS。 
(0.001)丨（0.002) I 
4th-6th week 0.000 ： 0.000 j NS^ 
(0.000)丨（0.002) I 
7th-9th week 0.000 j 0.001 j NS*^ 
(0.000) j (0.003) 1 
(b) 200"C 
Imin 5min 15min 
Incubation 丨 Vegetation i 丨 Vegetation 丨 丨 Vegetation j 
Time Bare j -covered ！ t-test Bare j -covered j t-test Bare j -covered j t-test 
1st week -0.007 1 " " " - 0 . 0 3 7 j *** 0.005 j -0.007 * 0.009 i " " “ - 0 . 0 0 2 | " “ ‘ 
(0.005) I (0.009) 1 ( 0 . 003 )丨（0 . 008 )丨 （0.007)丨（0.006) j 
2nd-3rd week 0.000 j -0.001 j NS*^ -0.002 I -0.005 j NS^ 0.000 I -0.001 j NS^ 
(0.003)丨（0.002) I (0.001) I (0.005)丨 （0.003) | (0.002) j 
4th-6th week -0.001 丨 0.000 丨 NS。 0.000 丨 - 0 . 0 0 2 丨 * -0.002 丨- 0 . 0 0 1 丨 NS。 
(0.001) i ( 0 . 0 0 2 )丨 （0.000) I (0.001) i (0.001)丨（0.002) j 
7th-9th week 0.000 | -0.002 | • 0.000 j -0.002 I NS*^ -0.001 I -0.004 j ** 
(0.001)丨（0.002) j (0.000) ！ ( 0 . 0 0 2 ) j (0.000) I (0.002) j 
(c) 400°C 
1 min 5min 15min 
Incubation | Vegetation-1 j Vegetation | | Vegetation j 
Time Bare*" j covered^ I t-test Bare i -covered = t-test Bare j -covered j t-test 
1st week 0.000 |-0 .005~| NS。 0.022 j-0.014"""|"“* -0.059 |-0.054""""j NS。 
(0.011)丨（0.009)丨 （0.014) I (0.020)丨 （0.007)丨（0.009) j 
2nd-3rd week -0.001 | -0.002 丨 NS^ 0.005 丨 0.011 j NS^ -0.009 丨-0.012 丨 * 
(0.001) I (0.003) i (0.009) I (0.005)丨 （0.002)丨（0.002) | 
4th-6th week 0.000 丨 - 0 . 0 0 2 | • -0.010 丨- 0 . 0 1 3 丨 NS^ -0.003 丨 - 0 . 0 0 6 丨 NSC 
(0.001)丨（0.001) 1 (0.005)丨（0.001)丨 （0.002)丨（0.002) | 
7th-9th week -0.001 j -0.004 j * 0.009 I 0.003 I NS® 0.003 | 0.001 j NS^ 
(0.000)丨（0.002) ！ (0.004)丨（0.004) I (0.001)丨（0.002) j 
Irnin 5min ISmin 
Incubation 丨"Vegetation 丨 丨 Vegetation j 丨 Vegetation j 
Time Bare j -covered ！ t-test Bare j -covered j t-test Bare j -covered j t-test 
1st week 0.005 j " " " " 0 . 0 1 0 j N S 。 - 0 . 0 4 5 j " “ - 0 . 0 6 2 | N S 。 - 0 . 0 1 4 | -0.020 j MS。 
( 0 . 0 0 8 ) I ( 0 . 0 0 6 ) j ( 0 . 0 1 0 ) I ( 0 . 0 1 9 ) 丨 （ 0 . 0 0 3 ) I ( 0 . 0 0 8 ) | 
2nd-3rd week -0.005 j -0.009 丨 NS。 -0.010 丨 - 0 . 0 0 6 丨 NS。 -0.011 丨 - 0 . 0 1 0 丨 NS。 
( 0 . 0 0 2 ) 丨 （ 0 . 0 0 5 ) 丨 （0.001) I ( 0 . 0 0 6 ) 丨 （ 0 . 0 0 2 ) 丨（ 0 . 0 0 3 ) | 
4th-6th week -0.001 | -0.002 丨 NS。 -0.005 I -0.008 丨 NS^ -0.006 丨 - 0 . 0 0 5 丨 NS^ 
(0.001)丨（0.002)丨 （0.001) i (0.002)丨 （0.000)丨（0.001) | 
7th-9th week 0.002 j 0.003 丨 NS。 0.000 j 0.006 丨 *** -0.001 丨 0.004 丨 *** 
(0.001) j (0.003) j ( 0 . 0 01 )丨（0 . 002 )丨 （0.000)丨（0.001) j 
t-test significance level between bare and vegetation covered soil: *p<0.05; **p<0.01; ***p<0.001; NS: 
Not significant. 
Powers of the tests are >0.8 unless otherwise specified,六 power = 0.6-0.8; ® power = 0.4-0.6; ^  power < 
0.4. 
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/vppenaix o.i water aaaiiion scneduie 
Accumulated I Accumulated 
water added water added 
Amount of water added (mm) (mm) (ml) 
Day 1 15 15 294 
Day 2 15 30 588 
Day 3 15 — 45 882 
Day 4 15 60 1176 
Day 5 15 75 1470 
Day 6 15 90 1764 
Day? 15 105 — 2058 
Day 8 15 120 一 2352 — 
Day 9 15 135 2646 一 
Day 10 15 一 150 2940 
Day 11 ~ 165 “ 3234 
Day 12 15 — 180 3528 
, Adding vacuum tubes to soil moisture samplers to extract 
Day 13 , 
soil pore water 
Day 14 Collecting percolating water and soil pore water 一 
Day 14 ~ 195 ‘ 3822 
Day 15 ~ 210 ‘ 4116 
Day 16 ~ 225 “ 4409 
Day 17 ~ 240 4702 
Adding vacuum tubes to soil moisture samplers to extract 
y soil pore water 
Day 19 Collecting percolating water and soil pore water 一 
Day 19 ~ 255 ‘ 4996 
Day 20 15 270 5290 
Day 21 15 一 2 8 5 5583 
Day 22 ~ 300 5876 
Adding vacuum tubes to soil moisture samplers to extract 
y soil pore water 
Day 24 Collecting percolating water and soil pore water 
Day 24 15 一 3 1 5 6170 
Day 25 15 一330 6464 
Day 26 15 一 3 4 5 6757 
Day 27 15 360 7050 
Adding vacuum tubes to soil moisture samplers to extract 
Day 28 gp^ ppre water 
Day 29 一 Collecting percolating water and soil pore water ‘ 
Day 29 15 一 3 7 5 ~ 7 3 4 4 
Day 30 15 一 3 9 0 ~ 7 6 3 8 
Day 31 15 405 ~ 7 9 3 1 
Day 32 15 420 8224 
Adding vacuum tubes to soil moisture samplers to extract 
Day 33 gpji ppre water 
Day 34 ~ Collecting percolating water and soil pore water 
Day 34 15 一 4 3 5 一 8 5 1 8 
Day 35 15 一 4 5 0 一 8 8 1 2 
Day 36 I T " 465 “ 9105 
Day 37 15 480 9398 
Adding vacuum tubes to soil moisture samplers to extract 
Day 38 •, . 
】 soil pore water 
Day 39 Collecting percolating water and soil pore water 
Day 39 TT" 495 ‘ 9692 " 
Day 40 I T " 510 “ 9986 
Day 41 15 525 10279 
Day 42 15 540 10572 
Adding vacuum tubes to soil moisture samplers to extract 
y soil pore water 
Day 44 Collecting percolating water and soil pore water 
There is a total of 540mm of water added in the experiment. It simulate the spring rainfall of 545mm 
(from Mar-May). 
149 
Appendix 6.2 (a) The NH4-N content in 0-10cm, 10-20cm and 20-30cm soil 
pore water (kg ha]) 
(a) 0-10cm soil pore water 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 180^ 1 240*^1 300^ 1 360^ 1 A1QF\ 480^ 1 520° 
B^soil y i j a66j a^^j 0.£j y i j Q.28J 0.24 
Ash-covered (200°C imin) 0.91 | 0.52 | 0.36 | j .0.231. •“…OAS 
Ash-covered (200°C 5min) 1.291 0.821 0.421 0.401 0.301 0.28 I 0.26 
0;6Zj.......0,52]......0.39J......0.21].....0,19].......anj 
AS^^^S'^OOtlmki') 1.16 j "'"a76l•••••.aS] a46|.•…oSl……'0Al\•••••.0.37" 
Ash-covered (400^ 5min) 1.49 丨 0.95 丨 0.68 丨 0.51 丨 0.43 丨 0.41 丨 0.37 
1;HJ.......1,02]......0.^]......a^^j......0.37J......assj... 0.31,, 
Ash-covered (6o6°C Imin) 1.13 1 0.72] a S j 031 j " 0.321 0.28 丨'6.25" 
Ash-covered (6001： 5min) 1.22 丨 0.73 I 0.56 丨 0.43 I 0.37 | 0.341 0.28 
Ash-covered (600°C 15min) 1.41 | 0.741 0.591 0.441 0.40 j 0.37 j 0.32 
(b) 10-20cm soil pore water 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 180^ 1 240^ 1 300*^1 360^ 1 420 j 480 i 520 
B^soil 1.82 1 1,63] 1.551 O l ^ 1.17^  
二 f m i n i 1.70 I "\M\ l S ] … i S f 0.881 1.031……0.77" 
Ash-covered (200°C 5min) 1.97 | 1.70 j 1.61 | 1.591 1.32^1 1.47^1 1.2产 
.……•！卫 i ！•：拽 J .....IaQ?!!......Q：^.?!. 
'\m\……IJ^ j•……lSI …L45 I . . .…..…召冗. 
Ash-covered (400°C 5min) 2.021 1.681 1.621 1.521 1.28卜。| 1.43''1 1.19& 
. 化 ⑷ 1 , 6 6 J 1.^1 1.56] ..1.^1 
i^sil L59I \m] [(Si L46l 1.651 T5? 
Ash-covered (600°C 5min) 1.78 j 1.73 1 1.68 | 1.54 j 1.23'^ | 1.41’ 
Ash-covered (600°C 15min) 1.91 I 1.451 1.60 j 1.52 j 1 .34 ’ 1.53*1 
(c) 20-30cn soil pore water 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 180^ 1 240^ 1 300 j 360^ ! 420^ 1 480^ 1 520^  
Bare soil l .^J 1.35J 1,54；；| l.^；]••••••.2.18 j 1^7 ! 2,28 _ 
1^62!•……L34l••.n^I•……•••••.m] ZOvl••…233" 
Ash-covered (200°C Smin) 1.641 1.37 I 1.61 I 2.161 1.931 2.36 
Mj.……i逆 .……？.……. 2,45,_ 
XS^i^^ 'cSxit ' i i iS") U6l……L27]"u?^ f……\J0\ m] I i i ' i lii" 
Ash-covered (400°C Smin) 1.541 1.251 1.49叫 1.541 1.961 1.821 2.15 
l;5oJ.......Llii.......？:.!li....•••L??.].……ml 
L71 […fSiJ-[丁元巧•……l； ]^ 1 2 2 ! io6i 2.46 
Ash-covered (600°C Smin) 1.23 1 1.15 | 1.27叫 1.51 | 2.091 1.85 | 2.40 
Ash-covered (600°C 15min) 1.551 1.171 1.2li 1.261 1.751 1.521 2.03 
Values are means of 3 replicates. 
The differences of the NH4-N content between bare and ash-covered soil pore water are not 
statistically significant unless otherwise specified (p<0.05). 
Values sharing the same letters are not statiscally significant by the Duncan's Multiple Range 
test (p<0.05). 
Powers of the tests are >0.8 unless otherwise specified,六 power = 0.6-0.8; ® power = 0.4-0.6; ^ power < 
0.4. 
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Appendix 6.2 (b) The NH4-N content in 0-10cm, 10-20cm and 20-30cm soil 
pore water (ppm) 
(a) 0-10cm soil pore water 
Amount of simulated rainwater water added (mm) 
Ash addition treatment ISO"^ ! 240^ 1^ 300^1 360^1 42(f\ 480^1 520^ 
Bare soil "“ 3.34|••.....1,81 j.......1,281.……1.14].....0.85 j 0 .76] 0.65 
A s h ^ w ^ l ^ O O r l m ^ 152 \ • ….…LOo]' ""o.^ "]•.•....SS]•……oZl]……0.49" 
Ash-covered (200°C 5min) 3.57 ！ 2.27 | 1.161 1.091 0.841 0.781 0.72 
Ash-c(^— \MI..••...Li 丨….…LQU……込沒j.……Q:52j..•••••0.4^ ]……o,35. 
AS^i^ i^ l^oot lmi i i " ) m\……lios"!……LS].……lS'I....."i^o'i…••…uTj."....im" 
Ash-covered (400°C 5min) 4.121 2.621 1.861 1.421 1.191 1.14 j 1.01 
Ash-covered (400;c „L5mm) 3.07,1.......2.80 j.......1,68,1..............1^2.1.......0.88]......0,8^ 
品ii 它"fiiii^.i In]•……•••..……LOI"]•……aSl.……avsl••".0.69" 
Ash-covered (600°C 5min) 3.38 j 2.01 I 1.55 | 1.191 1.01 | 0.941 0.76 
Ash-covered (600°C 15min) 3.901 2.04 j 1.631 1.201 1.11 1 1.01; 0.89 
(b) 10-20cm soil pore water 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 180*^1 240^ 1 300^ 1 360^ 1 420 j 480 j 520 
Baresoil 4.^ ]......4,15]......4^5]......3.%] 3.34^ 二 1..... 
Ash-covered (2001 Imin) 4.33 j 4.28 j 3.691 3.161 2.251 2.621 1.97' 
Ash-covered (200t： 5min) 5.03 | 4.34 | 4.101 4.06 j 3.37 |^ 3.07*^  
. ...4.3?]......3.98]......3.M ] 2.67^ 1 3.18^ 
Ash-covered(4001 Imin) 3.681 4.391 4.15 1 3.68 1 2.7'H 3.2^1 2.42'^  
Ash-covered (400°C 5min) 5.15 I 4.27 I 4.121 3.86 丨 3.27^ 3.65叫 3.02'^ 
5.041 4.23I....4.19]...3.99].....rfl...ivsH 迎二. 
Ash-covered (6001 Imin) 4.63 | 4.061 4.17] 4.21 | 3.721 4.2li 3.4。 
Ash-covered (600°C 5min) 4.54 j 4.401 4.291 3.92 ！ 3.58— 2.8& 
Ash-covered (600°C 15mm) 4.87 1 3.691 4.071 3.881 3.42^1 3.89叫 3.06& 
(c) 20-30cn soil pore water 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 180*^1 240^ 1 300 j 360^ 1 420^ 1 480^ 1 520^  
Bare soil ......2.66J......3.04] . 3.30 j.......4.29J ...3.87 j 4.50_ 
ISl••••.•……176]……133 I••••…408]……407]••…4.58" 
Ash-covered ( 2 00 t 5min) 3.22 | 2.70 | 2.80 j 3.161 4.261 3.79 j 4.64 
3.J2j 2.48] 2.73 1 3.09] 4.421 3.81] 4.82_ 
•AS^w^ 'cS io t lm i i i l 187"]•.…ZSO"!…….179 j……iS'l……'iJsl•……4A6\……4.88" 
Ash-covered (400°C 5min) 3.041 2.45 j 2.93 | 3.021 3.861 3.581 4.23 
Ash-coverecjj(;^95；^丄;^！^电；^  2.95j 2.501 2.581 2.881 ^19j 3.^1 _4.90_ 
茫..iliS.^ 33l\•.…17^ 1••••••173]• .._•.129"i•....4Ji'\•••.IS"!……4.83" 
Ash-covered (600t： 5min) 2.41 I 2.261 2.501 2.971 4.11 | 3.641 4.73 
Ash-covered (600°C 15min) 3.05 j 2.301 2.381 2.47 1 3.441 3.00 j 4.00 
Values are means of 3 replicates. 
The differences of the NH4-N content between bare and ash-covered soil pore water are not 
statistically significant unless otherwise specified (p<0.05). 
Values sharing the same letters are not statiscally significant by the Duncan's Multiple Range 
test (p<0.05). 
Powers of the tests are >0.8 unless otherwise specified,六 power = 0.6-0.8; ® power = 0.4-0.6; ^ power < 
0.4. 
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Appendix 6.3(a) The NO3-N content in 0-10cm, 10-20cm and 20-30cm soil 
pore water (kg ha]) 
(a) 0-10cm soil pore water 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 180^ 1 240*^ 1 300^| 360^1 420^1 480^1 520^ 
0.037 1 0:01i[....M9?J..J;01lJ..J.0(^J OjOIOJ 0X)06 
Ash-covered C^OOt Imin) 0.040 j 0.011 j a006| 0.005 j 0.00?! 6ji)07 | OjOoT" 
Ash-covered (200°C 5min) 0.038 | 0.004 I 0.003 | 0.004 j 0.002 I 0.008 1 0.008 
…..5:99 乏 o.po6_] 
Ash-^overer(40C)°C Imin) 0.042 | 0.014 j aooiz] 0.009 f 6.0091 " a o u ]•…OjOlo" 
Ash-covered (400°C 5min) 0.039 ] 0.021 | 0.006 | 0.015 I 0.013 | 0.018 1 0.014 
0.038] pjoiv j o m 
AS'coverS" ( S o t 1 min) | SiSi「 l^Sif i 0.007 | 0.004 | "ojOIS j i S F 
Ash-covered (600°C 5min) 0.040 | 0.011 j 0.005 | 0.007 I 0.004 i 0.006 | 0.005 
Ash-covered (600°C 15min) 0.039 1 0.011 | 0.012 | 0.006 j 0.005 I 0.015 | 0.010 
(b) 10-20cm soil pore water 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 180^1 240^1 300^ 360。丨 420^1 480。丨 520^ 
B^soi l 0.045 J 0.031J 9.:92L 
二 i S ^ S f ^ S f iiiiiiS• . . 0 . 0 4 1 I • • … a 0 2 6 l a o S ] 0 . 0 1 9 } 6.016] " a019 I b'SS 
Ash-covered (200°C 5min) 0.045 | 0.034 j 0.029 | 0.017 | 0.020 | 0.027 j 0.023 
0：044.1 0.0^] 0^22 
0 . 0 4 4 1 • … 「 1 0.021'!…ojoSI SiST 
Ash-covered (400°C 5min) 0.041 | 0.038 | 0.033 I 0.030 | 0.028 | 0.032 | 0.029 
0.(^1 经.. 
•…… 0.043] o.o2i I 0.0^1 a()29l aoiv" 
Ash-covered (600t 5min) 0.047 | 0.034 | 0.029 1 0.021 ] 0.025 | 0.026 | 0.024 
Ash-covered (600°C 15min) 0.043 | 0 035 j 0.023 j 0.020 j 0.024 | 0.027 | 0.025 
(c) 20-30 cm soil pore water 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 180^ 1 24(f\ 300''j 360^j 420^1 480''i 520^ 
B^e soil 0.056]. . . . . . . . 
• … … ^ i s ^ i 0.0221 0.0191 0.0191 0.0231 0.0281 
Ash-covered (200°C 5min) 0.057 1 0.041 | 0.030 j 0.022 | 0.024 | 0.027 j 0.027 
0.057 1 0.0331 0：028_ 
aosv]••…om\••…SSiT!.. S^S^] l^ STj••…OJOZ/I.…ojoso" 
Ash-covered ( 4 0 0 t 5min) 0.055 | 0.036 | 0.027 j 0.038 j 0.023 I 0.023 | 0.025 
吸![l??£J;5??i?；!.》 0：057.!..... 
a o 5 ? i … “ 葡 ] H i " ! • 
Ash-covered (600°C 5min) 0.061 j 0.027 | 0.028 | 0.029 I 0.027 I 0.025 1 0.027 
Ash-covered (600°C 15min) 0.056 | 0.040 j 0.014 | 0.030 | 0.016 j 0.020 | 0.020 
Values are means of 3 replicates. 
The differences of the NO3-N content between bare and ash-covered soil pore water are not 
statistically significant in all the cases (p<0.05). 
Powers of the tests are >0.8 unless otherwise specified,六 power = 0.6-0.8; ® power = 0.4-0.6; ^ power < 
0.4. 
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Appendix 6.3 (b) The NO3-N content in 0-10cm, 10-20cm and 20-30cm soil 
pore water (ppm) 
(a) 0-10cm soil pore water 
Amount of simulated rainwater water added (mm) 
180^ 1 240〔丨 300C| 36oC| 420 !^ 480^ 1 520^  
B^esoii 0 . 1 0 3 J . . . . . . . . . . 0 . 0 ^ . 1 . . . . . p . m 5 _ 
Ash-covered ( 2 0 0 1 Imin) 0.110 1 0.030 f 0.016 j 0.013 | 0.013 | 0.019 I 0.011 
Ash-covered (200°C 5min ) 0.105 | 0.010 I 0.008 I 0.011 | 0.005 | 0.023 1 0.022 
0：108 j aoisj o^ivj p,op7_ 
Ash-covered (400°C Imin) 0.115 1 0.038 | 0.006 I 0.026 j 0.025 | 0.031 | 0.028 
Ash-covered (400°C 5min) 0.107 | 0.058 | 0.015 | 0.043 | 0.035 | 0.049 | 0.040 
0.105] 0 . 0 2 7 ) . . . . o , o i _ 8 _ 
Ash-covered (600°C I m i n ) 0.105 | 0.030 j 0.017 I 0.020 j 0.011 I 0.035 j 0.020 
Ash-covered (600°C 5min ) 0.111 I 0.030 j 0.013 | 0.020 j 0.010 I 0.017 I 0.014 
Ash-covered (600°C 15min) 0.107 j 0.030 I 0.034 I 0.018 I 0.014 | 0.040 j 0.027 
(b) 10-20cm soil pore water 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 18(H 240^ 300l 360^ 420^ 48o1 520^ 
Bare soil 0.1141 0.0781 5:|?》5丄...5:9§5丄....9:9511.....9:9较i ^64. 
Ash-covered (200°C Imin) 0.105 | 0.066 j 0.059 | 0.049 | 0.041 j 0.048 | 0.041 
Ash-covered (200°C 5min) 0.114 | 0.087 i 0.075 | 0.045 | 0.052 | 0.069 | 0.060 
0:1.13.!.....兑!S!ld....M》].J....iMl》d.....0；055] 
Ash-covered (4001： I m i n ) 0.111 | 0.067 I 0.054 I 0.059 | 0.054 | 0.065 I 0.061 
Ash-covered (400°C 5min ) 0.104 I 0.097 1 0.085 | 0.076 j 0.070 | 0.082 1 0.074 
Ash-covered O.lBj 0.063| 5:9§5丄...1!:!5111._9:^1经.|..... 
Ash-covered (6001： Imin) 0.110 1 0.092 j 0.070 j 0.053 j 0.066 j 0.073 1 0.069 
. Ash-covered (600r 5min) 0.119 | 0.087 | 0.074 ] 0.053 j 0.065 I 0.067 | 0.061 
Ash-covered (600°C 15min) 0.110 | 0.088 | 0.059 | 0.051 | 0.062 | 0.068 I 0.064 
(c) 20-30 cm soil pore water 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 180"| 240^| 300"j 360^1 420^1 480^1 520^ 
Baresoil o.uij 0.073.1 迎?1丄』:9 .^....9:95§丄 ..…！ML. 
Ash-covered (200°C Imin) 0.117 I 0.043 I 0.038 | 0.038 1 0.045 | 0.054 j 0.052 
• J • J 5 t 
Ash-covered (200°C Smin) 0.111 j 0.080 | 0.058 | 0.044 | 0.048 ] 0.054 | 0.053 
0：1.12.| 0.065J .....0.063J 0.05^ 
Ash-covered (400t Imin) 0.113 | 0.043 j 0.027 1 0.052 | 0.052 | 0.052 | 0.059 
Ash-covered (400t 5min) 0.108 | 0.072 j 0.054 | 0.075 | 0.046 j 0.045 | 0.049 
0.113J p.046_ 
Ash-covered (6001： I m i n ) 0.114 | 0.085 1 0.049 1 0.065 I 0.050 I 0.062 | 0.061 
Ash-covered (600°C 5m in ) 0.120 I 0.053 | 0.056 | 0.057 j 0.052 j 0.049 I 0.054 
Ash-covered (600°C 15min) 0.110 1 0.078 I 0.028 j 0.060 j 0.032 j 0.039 I 0.039 
Values are means of 3 replicates. 
The differences of the NO3-N content between bare and ash-covered soil pore water are not 
statistically significant in all the cases (p<0.05). 
Powers of the tests are >0.8 unless otherwise specified,六 power = 0.6-0.8; ® power = 0.4-0.6; ^ power < 
0.4. 
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Appendix 6.4 (a) The mineral N content in 0-10cm, 10-20cm and 20-30cm soil 
pore water (kg ha'^) 
(a) 0-10cm soil pore water 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 180^1 240^ 300^1 360^1 420^; 480^j 520^ 
Bare soil l S I 0 6 8 1 o T T l ~ 
•••••••••^••••• .a. . . . . . i , , , , , 
Ash-covered (200°C Imin) 0.95 丨 0.53 丨 0.37 丨 0.27 丨 0.241 0.23 丨 0.18 
Ash-covered (200°C 5min) 1.33 j 0.831 0.421 0.401 0.31 ！ 0.291 0.27 
0.70].......0.52,] ....0.39]..……0.22] 0.191 0.17,1 0.13 
Ash-covered (400°C Imin) 1.141 0.771 0.591 0.471 0.441 0 冗 … 
Ash-covered (400t Smin) 1.531 0.971 0.681 0.531 0.451 0.431 0.38 
Ash-covered (400°C 15min) 1.151 1.031 0.691 0.46 j 0.381 0.37 I 0.31 
Ash-covered (600°C Imin) 1.17 丨 0.73 丨 0.52 丨 0.37 丨 0.32 丨 0.30 丨 0.26 
Ash-covered (600°C 5min) 1.261 0.741 0.571 0.44 j 0.371 0.35 1 0.28 
Ash-covered (600°C 15min) 1.45 | 0.75 1 0.601 0.44 | 0.41 | 0.38 | 0.33 
(b) 10-20cm soil pore water 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 180l 240^ 300^ 36Q'j 420 j 480 j 520 
Baresoil L86]••…1.66]•••.....1^5]….…1.58] J : 總 1.4^1 1.19^ 
Ash-covered (lOOV Iminj 1.74 ！ 1.71 | i.47 | l . S I 0.90l……i冗：！…… 
Ash-covered (200°C 5min) 2.021 1.731 1.641 1.61 j 1.34'^  I 1.49*^ 1.23^ 
.M：^?：^  ⑶總;Lii?：??： !^?^ ). 1,89].......1.75.]..••••••1.58j•……1,41]••....l.OfI……1.2/1 
Ash-covered (400°C Imin") 1.49 f ……「元 | 1.65 | 1.47 | ……S^l • •…〒石 
Ash-covered (400°C 5min) 2.06 j 1.71 | 1.651 1.54 1 1.46叫 1.2产 
.轉：^？：^视^!：!?!??^..!?!?；^). J.?ii.•••....1：681...•••••1.67.1.....L58i 1.32^ 1.51^1 i 丄亡 
LSisf L(S | 1.66 j 1.67 j 1.491 1.68'! 1%' 
Ash-covered (600°C 5min) 1.83 j 1.76 j 1.71 I 1.561 1.25'^ | 1.43'^ I U2& 
Ash-covered (600°C 15min) 1.951 1.481 1.62 j 1.541 1.37叫 1.55叫 1.23*^  
(c) 20-30cm soil pore water 
i ^oun t of simulated rainwater water added (mm) 
Ash addition treatment 180^1 240^ 300 i 360"j 420^i 480"j 520^ 
Baresoil L50|...... •.1.39,1••…1,5^1......••.l,70l 2.21_j 
•石 1.361 1.711 i i o j 2.691 235 
Ash-covered (200°C Smin) 1.691 1.41 | 1.45^1 1.63 j 2.19 j 1.951 2.39 
l-Zil 1.29 j••..………1,59]. 2.28 j•…i^vj i48, 
1.51 I 1.291 1.73 j 2.341 1141……Im" 
Ash-covered (400°C 5min) 1.601 1.281 1.5l1 1.57 j 1.991 1.841 2.17 
！......]-33!j.........1.4§.|.......2.15] l^ ^ol 
•XS二 U?] 1.44 丨 L5a•^丨 1 225 丨 •…“I49" 
Ash-covered (600°C 5min) 1.291 1.181 1.30'1 1.541 2.11 1 1.87 1 2.43 
s * • I s s 
Ash-covered (600°C 15min) 1.601 1.21 j 1.221 1.291 1.761 1.54 j 2.05 
Values are means of 3 replicates. 
The differences of the mineral N content between bare and ash-covered soils are not statistically 
significant unless otherwise specified (p<0.05). 
Values sharing the same letters are not statiscally significant by the Duncan's Multiple Range test 
(p<0.05). 
Powers of the tests are >0.8 unless otherwise specified, Apower = 0.6-0.8; ®power = 0.4-0.6; 
Cpower < 0.4. 
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Appendix 6.4 (b) The mineral N content in 0-10cm, 10-20cm and 20-30cm soil 
pore water (ppm) 
(a) 0-10cm soil pore water 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 180^ 1 240^1 300*^ 1 360^1 420^1 480^1 520^ 
Bare soil 1451 ~ L s T j “ L 3 0 l u 7 1 0 8 ? ] 0 7 9 ] ~ 
1631•"..••.IM]"••••".LoS"]•".••••0?76l••"".•SSs'I•"_"•Om\••"•".0.50' 
Ash-covered (200°C 5min) 3.67 丨 2.28 丨 1.16 丨 1.10 丨 0.84 丨 0.80 丨 0.74 
Ash；；^  二视 •.生 i l l ) 1：?4.] 1 ^ ] 1 . 081 0 . 6 0 j 0 .53 J 0.48j 0.36 
AS^^^ 'cJoOt lmi i i ' ) 3!I4 j.•……1A2\..……l!63"|.……US]••••••l"22l•...••_•LT?]“……T.OiS"" 
Ash-covered (400°C Smin) 4.23 | 2.681 1.881 1.461 1.231 1.19 j 1.05 
Ash-covered (40q°C 15mm) 3.17 J 183 j 1.^ ] 1.26] 1.04 J 1.01 J 0.86 
iS'l..……lO j^.•..•••.L44'|••.••"•iSs]....•••.….…oll]_..•••..OJl" 
Ash-covered (6001 Smin) 3.491 2.041 1.561 1.21 j 1.021 0.961 0.78 
Ash-covered (600"t 15min) 4.01 | 2.071 1.671 1.221 1.121 1.05 | 0.91 
(b) 10-20cm soil pore water 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 180^ 1 240^| 300*^ 1 360^1 420 j 480 1 520 
Baresoil ….4.； ]^..... 422 ].. ........4mj......33^1............3.04；；^. 
Ash-covered (200°C Imin) 4.441 4.341 3.73 | 3.231 2.30i 2.671 2.01' 
Ash-covered (200t： 5min) 5.141 4.42 j 4.17 j 4.11 ] 3.8^ 3.13'^  
I S ? ! ^ s j . . ...4.03]. .3.59]. ..2.73；1 二 
Ash-covered (400°C Imin) 3.791 4.45 I 4.20 1 3.741 2.75^1 3.26'i 2.48"" 
Ash-covered (400°C Smin) 5.25 1 4.371 4.201 3.941 3.34'^ l 3.73*^ 1 3.10^ 
4.25_l 403j......3^1....3.84^1 lOA^ ^^  
Ash-covered(600°C Imin) 4.74 j 4.15 I 4.241 4.26 j 3.791 4.281 3.47' 
Ash-covered (600t 5min) 4.661 4.491 4.37 丨 3.97 丨 3.191 3.651 2.86*^  
Ash-covered (6001 15min) 4.98 | 3.78 | 4.13 | 3.93 | 3.48叫 3.96叫 3.13& 
(c) 20-30cm soil pore water 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 180^ 1 240^1 300 I 360^1 420^1 480^| 520^ 
Bare s o i l ~ Z Z I Z Z I Z I …....?:?5.j........2J3J......3.06J 3.35J.......4.35]. .. ,3.9lJ.. 4,54_ 
isi'l••...•.167]……IS'I..••…B?]•……lis]…••Zil]…..…Zei" 
Ash-covered (200°C Smin) 3.331 2.781 2.86 j 3.21 1 4.31 | 3.84 j 4.70 
Ash-covered ^；；^生生！⑷ 3.43 ] 2^41 2.78 j 3.131 4 . ^ ] 3.88J 4.88 
AS^^^ 'HOOt lmS" ) 198]••••...I54]•.••••.•18l'|..•••...3A0\••....IS)]…•…IS]••••••4.94" 
Ash-covered (400°C Smin) 3.15 | 2.521 2.981 3.101 3.91 | 3.621 4.28 
Ash-covered (400°C 15min ) 3.061 _ 2.54 j 2.6l J 2.94 ) 4.23] 3.74] 4.95 
AS^w^Sl^OOt'Tmh) 3'^ ]...•••••I83l.•"•..•i 面…•.…336]...•.…5S.T….…Till 4.89" 
Ash-covered (600t Smin) 2.53 | 2.321 2.56 丨 3.02 丨 4.161 3.691 4.79 
Ash-covered (6001： 15min) 3.161 2.38 | 2.401 2.53 j 3.47 I 3.041 4.04 
Values are means of 3 replicates. 
The differences of the mineral N content between bare and ash-covered soils are not statistically 
Values sharing the same letters are not statiscally significant by the Duncan's Multiple Range test 
(p<0.05). 
Powers of the tests are >0.8 unless otherwise specified,六 power = 0.6-0.8; ® power = 0.4-0.6; ^ power < 
0.4. 
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Appendix 6.5 (a) The loss of NH4-N under different rainwater regime (kg ha.】） 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 180^1 240^1 300^ 360^1 420^1 480^ 520^ 
I65 i 1 34 1 1.131 1.09： 1.13 1 1.231 1.21 
Ooic dUli A•Kju ； r.!：.....^  ••••• f V"*"""" 
•*••••? . - -一： 1 : 1 1 rv : 1 /-\n • 1 r\r 
Ash-covered (200°C Imin) 1.85 j 1.43 j 1.17 j 1.09 ： 1.101 1.28 ； 1.25 
Ash-covered (200°C 5min) 1.68 | 1.241 1.141 1.08 j 1.141 1.43 j 1.27 
Ash-rnvfred <'900°r 15min) 1 88 ^ 1 28 1 1.08 i 1.06 [ 1.15 1 1.48 i 1.37 
AVal l-CUVCICU I Z v v L/ l ^ l l U l i I 1 .UU ； ^ ： ••• ^ •”•办••• 
J : ^ - - ： t n i • 1 r\/： 5 -t CO • 1 Ar\ 
Ash-covered (400t Imin) 1.92 i 1.291 1.13 j 1.21 j 1.26 j 1.53 j 1.40 
Ash-covered (400°C 5min) 1.641 1.35 1 1.241 1.23 ] 1.15 | 1.221 1.25 
Ash-rovered r400°r 15min ^ 1 07 i 1 30 i 1.11 1 1.11 [ 1.22 1 1.39 j 1.41 
i^oli^Vp/U V v l CU I " t W / I ^llikii I I ； 丄 7,,, A 
\ ^ ^ ^ ： , 八 n : t tn ' 1 o o ’ 1 > 
Ash-covered (600°C Imin) 1.801 1.36 j 1.09 ： 1.08 j 1.18 j 1.33 ： 1.34 
Ash-covered (600°C 5min) 1.771 1.22 j 1.15 | 1.121 1.20 j 1.35 | 1.41 
Ash-covered (6Q0°C 15min) 1.621 1.301 1.141 1.081 1.10 j 1.21 j 1.26 
Values are means of 3 replicates. 
The differences of the NH4-N content between bare and ash-covered soils are not statistically 
significant in all the cases (p<0.05). 
Powers of the tests are >0.8 unless otherwise specified, �power = 0.6-0.8; ®power = 0.4-0.6;〔power 
Appendix 6.5 (b) The loss of NO3-N under different rain water regime (kg ha'^) 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 180^1 240 j 300^ 360^1 420。丨 480。丨 520。 
Baresoil 0.22]….0.13'[………0：1.1.|•…••…O；!.!].........0.1.1.]••••••••••••...…0.14. 
Ash-covered (200t Imin) 0.25 | 0.131 0.11 | 0.11 | 0.121 0.161 0.12 
Ash-covered (200°C 5min) 0.22 丨 O.lSab丨 0.13 丨 0.12 丨 0.12 丨 0.18 丨 0.13 
……………….•….…0：1!..|......…ojlj.........o l^^ j 
(4001： Imin) 0.25 j 0.231 0.101 0.11 | 0.13 j 0.181 0.14 
Ash-covered (400°€ 5min) 0.29 j 0.2l1 0.141 0.14 j 0.131 0.15 | 0.15 
Ash-covered (400°C ISmin) 0.26 j 0.2l1 0.14 j 0.12 j 0.121 0.15 I 0.13 
/. j 7 ？ ？ ？ 
Ash-covered(600°C Imin) 0.271 0.22^| 0.13 j 0.11 j 0.11 1 0.15 j 0.12 
Ash-covered (600°C Smin) 0.291 0.22^ 0.121 0.121 0.121 0.15 | 0.13 
Ash-covered (600°C 15min) 0.24 1 O-H^l 0.101 Q.U 1 0.11 j 0.161 0.12 
Values are means of 3 replicates. 
The difference of the NO3-N content between bare and ash-covered soils are not statistically 
significant unless otherwise specified (p<0.05). 
Values sharing the same letters are not statiscally significant by the Duncan's Multiple Range test 
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Appendix 6.6 The loss of mineral N under different rain water regime (kg ha'') 
(a) loss of mineral N in leachate (kg ha") 
Amount of simulated rainwater water added (mm) 
Ash addition treatment 180^ 240^1 300^| 360^| 420^1 480^ 520^ 
Bare soil LSV j l . £ j 1.24_j 1.20] U 4 j LSSj 1.35 _ 
2"iol'"" 1.551 l i ^ 1 . 5 丨 i.i^7“ 
Ash-covered (200°C Smin) 1.91 j 1.43 | 1.27 | 1.201 1.261 1.61 | 1.39 
Ash-covered (200°C 15min) 2.13 j 1.501 1.20 j 1.17} 1.28 | 1.641 1.49 
\ ^ •.•••^•••••••••••••••••••••^ ！...,**.........,...... 
Ash-covered (400°0 Imin) 2.17 | 1.521 1.23 j 1.321 1.391 1.70 j 1.53 
Ash-covered (400°C Smin) 1.93 | 1.561 1.38] 1.371 1.281 1.37 | 1.40 
Ash-covered (400°C 15min) 2.23 I 1.51 I 1.25 j 1.23 | 1.35 j 1.55 1 1.54 
二 i" ！ •？ V { i 
Ash-covered (600r Imin) 2.07 I 1.58 j 1.221 1.19] 1.29 | 1.48 j 1.47 
Ash-covered (600°C 5min) 2.05 | 1.43 j 1.271 1.241 1.321 1.51 1 1.54 
Ash-covered (600°C 15min) 1.86 | 1.47 | 1.24 丨 1.18 丨 1.21 丨 1.36 | 1.38 
Values are means of 3 replicates. 
The difference of the mineral N content between bare and ash-covered soils are not statistically significant in 
all the cases (p<0.05). 
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